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(54) Um volatility soWent-based precursors for nan^>orous aerogels 



(57) An aerogel precursor sol is cfisdosed herein. 
This aerogel precursor sd comprises a n)etal-based 
aerogel precursor readant and a first solvent compris* 
ing a pofyd; wherein, the motar ratio of the first solvent 
molecules to the metal atoms tn the reactant is at least 
1 :16. Preferably, the first solvent is glycerol. Preferably, 
the aerogel precursor reactant may selected from the 
group consisting of metal alkoxides, at least partially 
hydrolyzed metal alKDxide&, particulate metal oafMes, 
and combinations thereol Typically, the molar ratio of 
the first solvent molecules to the metal atoms in the 
reactant is no greater than 12 : 1, ard preferably, the 
molar ratio of the first solv&it molecules to the metal 
atoms in the reactant is between 1 : 2 and 12 : 1. In 
some embodiments, the nrxtlar ratio of the first solvent 
molecules to the metal atoms in the reactant is between 
2.5 :1 and 12:1. tn some embodiments, the first solvent 
comprises a glycol. In some embodiments, tf)e reactant 
is t^ethoxysDane that may be at least partially hydro- 
lyzed. In some embodiments, the first polyol is selected 
from the group consfeting of 1.2,4-butanetiioI; 1,2.3- 



butanetrlol; 2 methyl-propanetriol; and 2-(hydroxyme- 
thyl)-1.3-propanediol; 1-4. 1-4. butanediol; and 2- 
m^hyl-l,3-propan6diol, and combinations thereof. Th^ 
invention allows controlled porosity thin f am nanoporous 
aerogels to be deposited, geQed, aged, and dried with- 
out atmospheric controls. In another aspect, this inven- 
tion allows controlled porosity thin film nanoporous 
aerogels to be depc^ted, gelled, rapidly aged at an ele- 
vated temperature, and dried with only passive atmos- 
pheric controls^ such as Bmittng the volume of the aging 
chamber. 
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Description 

This invention pehahs generaity to precursors lor nanoporous (fine-pored) aerogd fabrication, and more particu- 
tarly to precursors suitaUe for subailical and supercritical drying of bulk and tNn f Bm aerogels. 

5 

BACKGRCXJND OF THE IfOVENTION 

Aerogels are porous silica materials which can be used for a variety of purposes ir)cludtng as films (e.g. as electrical 
insulators on semioorxluctor devices or as optical coatings) or in bulk (e.g. as thermal insulators). For ease of discus- 

70 sion, the examples herein will be mainly of usage as electrical insulators on semiconductor devices. 

Semiconductors are widely used in integrated circuits for electronic devices such as con^xjters and televistons. 
Semkx>nductor and electronics manufacturers, as well as end users, desire integrated drcuits wftich can accomplish 
more in less time in a smaller package wfiile consuming less power. However, many of these desires are in opposition 
to eacfi otfier. For instance, simply shrining the feature size on a given circutt from 0.5 microns to 0.25 microns can 

75 increase energy use and fieat generation by 30%. Miniaturization also generally results in increased capacifive cou- 
pling, or crosstalK between conductors which carry signals across the dhap. Ttus effect both Dmits achtevatile speed and 
degrades the noise margin used to insure proper device operation. One way to reduce energy use/heat generation and 
crosstaRc effects is to decrease the cfielectric constant of the insidator. or dielectric. whk:h separates conductors. US 
Patent 5.470.802, issued to Qnade et al., provides background on several of these schemes. 

20 A cAass of materials, nanoporous dielectrics, includes some of the most promising new materials for semJcorxjuctor 
location. These dielectric materials contain a solid structure, for example of sifica. which is permeated with an inter- 
connected network of pores having diameters typically on the order of a few nanometers. These materials may be 
formed with extremely high porosities, witfi corre^XMiding c£electric constants typically less than half the (fielectric con- 
stant of dense silica. Arxi yet despite thea- high porosity, it has been found tfiat narviporous delectics may t>e tat>ricated 

25 wfiich have high strength and excetl^ compatibility with most existing semkx)nductor fabrication processes. Thus narv 
oporous dielectrics offer a viable low-dielectric constant replacement for corranon semiconductor dielectrics such as 
dense silica. 

The preferred metfuxl for forming nav>porous dielectrics is through the use of sd-gel techniques. The word sol-gei 
does not describe a product but a reaction mechanism whereby a so/, which is a colfoidal suspension of solid particles 

30 in a fiquid. transfbnns into a gel due to growth and interconnection of tfie solid partides. One theory is that ttvough con- 
tirued reactions within the sol. one or more molecules in the sol nay eventually reach macroscopic dtmerBiorts so that 
it/they form a solid n^work which extends siiistantially throughout the sol. At this point (called the get point), the sub- 
stance is said to be a o^. By this definition, a gel is a substance that contairs a continuous solid skeleton enclosing a 
continuous liquid phase. As the skeleton is porous, the term "gel" as used herein means an open-pored sc^d structure 

35 encbsing a pore fluid 

One method of forming a sol is through hydrolysis and condensation reactions, which can cause a nuitifunctional 
monomer in a solutbn to polymerize into relatively large, highly branched particles. Many monomers statable for such 
polymerization are metal alkooddesL For eiomple. a tetraethoxysilane (TEOS) monomer may be partiatly hydrolyzed in 
water t)y the reaction 

40 

SKOEt)4 + HgO ® HO-Si(OEt)3 + BOH 

Reaction conditions may be controlled such that, on the avo-age, each monomer undergoes a desired nunri)er of 
hydrolysis reactions to partially or fully hydrolyze the monomer. TEOS which has been fully hydrolyzed becomes 
45 Si(0H)4. Once a molecule has been at least partiaQy hydrolyzed. two molecules can then link together in a condensa- 
tfon reaction, such as 

(0Et)3SiOH + H0-Si{0H)3 ® (OEt)3Si-0-Si(OH)3 + H2O 

so or 

(OE^aSiOEt + H0-Si(0Et)3 ® {OEt)3Si-0-Si{OEt)3 + EtOH 

to form an oligomer and Iberate a molecule of wat^ or etfianol. The Si-O-Si corrf iguration in the oligomer formed by 
55 these reactbns bos three sites available at each erKi for further hydrolysis and corxiensation. Thus, additional mono- 
mers or oligom^ can be added to this molecule in a somewhat random fasfiion to create a highly branched polymeric 
nxriecule from literally thousands of monomers. An digomerized metal alkoxide, as defined hereia comprises mole- 
cules formed from at least two alkoxide monomers, but does not comprise a gel. 

Sol-gel reactions form the basis for x&rogei and aerogel film deposition. In a typical thin film xerogel process, an 
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ungeQed precurGor sd may be applied (e.g.. spray coated, dip-coated, or spin-coated) to a sitetrate to form a thin film 
on the order of several microns or less in thickness. geDed, and dried to fomi a dense fitra The precursor sol often com- 
prises a stock solution and a solvent and possUy also a gelation catalyst that modifies the pH of the precursor sol in 
order to speed gelation. During and after coating, the volatile corrponents in the sol thin film are usually allowed to rap- 
5 idly evaporata Thus, the deposition, getatioa and drying phases may take place simultaneously (at least to some 
degree) as the film collapses rapidly to a dense film. In contrast an aerogel process cfiffers from a xerogel process 
largely by avoiding pore collapse during drying of the wet gel. Some methods for avoicfing pore collapse include wet gel 
treatment with corKfensatk)rHnhibiting modifying agents (as descrbed in CBnade ^2) and supercritical pore fluid 
extraction. 

10 

SUMMARY OF THE IMVENTON 

Between aerogel and xerogels, aerogels are the preferable of the two dried get materials for semiconductor thin 
film nanoporous dielectric applications. Typical thm fSm xerogel methods produce films having Kmited porosity (up to 

16 &0% with large pae sizes, but generally sub&tantiaOy less than 50% with pore sizes useful in submicron semiconductor 
fabrication). While some prior art ^^rogete have porosities greater than 50%; these prior art xerogels had substantially 
larger pore sizes (typically above ICQ nm). These large pore size gels have significantly less mechanical strength. Adcfi- 
tionaHy. their large size makes them unsuitable for fOling smafl (typk:any less than 1 |im. and potentiany less than 100 
nm) pattemed gaps on a microdrcuit and limits their opticat f Sm uses to only the longer wavelengths. A nanoporous 

so aerogel thin film, on the other hand, may be formed with almost any desired porosity coupled with a vary fine pore size. 
Generally, as used herein, nanoporous materials have average pore sizes less than about 25 nm across, but preferably 
less than 20 nm (and more preferably less tf^ 10 nanon^eters and still more preferably less than 5 nanometers). In 
many fonmilations using this method, the typical nanoporous materials for semiconductor appScations may have aver- 
age pore sizes at least 1 nm across, but more often at least 3 nm. The nanoporous inorganic delectrics include the nan- 

25 oporcHS metal ooddes, particularty nanoporous sifica 

In wary nanoporous thin film applications, such as aerogels and xerogels used as qstical fflms or in microelectron- 
ics, the precise control of film thickness and aerogel density are desiraUa Sevatd important prop^es of the film are 
related to the aerogel density, including mechanical strength, pore size and dielectric constant It has now been found 
that txrth aerogel density and film thickness are related to the viscosity of tfte sol at the time it is applied to a SLA>strate. 

30 This presents a problem which was heretofore unrecognized. This problem is that with conventior^ precursor sols arxl 
deposition methods, it is extremely diff icutt to corrtrol both aerogel density and tarn thickness independently and accu- 
rately. 

Naiwporous cfielectric tfun films may be deposited on pattemed wafers, often over a level of pattemed corxiuctors. 
It has now been recognized Ifiat sol deposition should be completed prior to the onset of gelation to insure that gaps 

35 between such conductors remain adequately filled and that tiie surface of the gel remains substantially planar. To this 
end. it is also desirable that no significant evaporation of pore fluid occur after gelation, such as durnig aging. Unfortu- 
nate, it is also desirable that the gel point be reachable as soon after deposition as possftrfe to simplify processing, 
and one method for speeding gelation of tiiin films is to allow evaporation to occur It is recognized herein that a suftabie 
precursor sol for aerogel deposition should aUow control of film thickness, aerogel density, gap fil and planarity. and be 

40 relatively stable prior to deposition, and yet gel relatively soon after deposition and age without sii>stantial evaporatioa 
A method has now been found which alfows controlled deposition of aerogel thin f 3ms from a multi-solvent precur- 
sor sol. In th^ method, sol viscosity and film thickness may be controlled relatively independently. This allows film thick- 
ness to be rapidly changed from a first krKwn value to a second known value wfiich can be set by solver^ ratios arxi 
spin concfitions. thus keeping fam thickness largely tndeperKient of aerogel density and alfowing rapid gelatioa How- 

45 ever, at the same time, the eoTid liquid ratio present in the film at drying (and therefore the aerogel dertsity) can be accu- 
rately determined in the precursor sol prior to deposition, independent of sph conditions and f Im thickness. 

Even with tilts novel separation of the deposition problem into viscosity control and density control subproblems. 
our e)9erience has been that thin fim sd-ge! techniques for forming xerogels and aerogels generally require some 
method, such as atn^heric control, to rimit evaporation before drying, suc^ as after gelation and during aging. In prin- 

so aplB, this evaporation rate control can be accomplished t>y controlling the solvent vapor concentration above the wafer. 
However, our experience has shown that the solvent evaporation rate is very sensitive to smalt changes in the vapor 
concentration and temperature. In an effort to better understand tfns process, we have modeled the isdhermal vapori- 
zation of sev^ solvents from a wafer as a function of percent saturation. The anrfoient temperature evaporation rates 
for some of these solvents are given in Figure 1. For evaporation to not be a processing praUem. the product of the 

ss evaporation rate and processing tinra (preferably on tiie order of minutes) should be significantiy.less than the film thick- 
ness. This suggests that for solvents such as etharxil, the a tmo sph ere above the wafer wouM have to be maintained at 
over 99% saturation. However, there can be problems associated with allowing the atnnosphere to reach saturation or 
supersaturation. Some of these problems are related to condensation of an atmospheric constituent upon the thin film. 
(Condensation on eitiier tiie gelled or ungelled thin film has be^ found to cause defects in an insufTtdemly aged film. 
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Thus, it is generally desirable to control the atmosphere such that no constituent is saturated. 

Rather than using a high volatility solvent and preciseiy controiSng the solvent atmosphere, we have discovered 
that a better solution is to use a low volatility solvent with less atmospheric control. Upon irvesttgaiing this premise, we 
have discovered that glycerol makes an excellent solvent 
5 The use of glycerol allows a loosening (as compared to prior art solvents) of the requffed atmospheric control dur- 
ing deposition, gdation, and/or aging. Th^ is because, that even though saturation shouU stai preferably be avoided, 
the atmospheric solvent concentration can be lowered without excessive evaporation. Figure 2 shows how the evapo- 
ration rate of glycerol varies with t^nperature and atmospheric solvent concentratkm. It has been our experience thai 
with glycerol, acceptable gels can be formed by depositing, gelTtng and aging in an uncontrolled or a substandatly 
10 ur)ControDed atmosphere. 

In the production of nanoporous cSelectrtes it is preferable to subject the wet gel thin fSm to a process known as 
aging. Hydrolysis and condensation r^ctxxis do not stop at the gel point, but continue to restructure, or age, the gel 
until the reactk)ns are purposely halted, ft is believed that ckiring a^g. preferential d^solutkxi and redeposition of por- 
t»ns of the solid stnicture produce benefk^tal results, tndudng higher strength, greater unifbrmfty of pore size, and a 
IS greater ability to resist pore collapse during drying Unfortunately, we have now found that conventional aging tech- 
niques used for bulk gels are poorly suited for aging thin fflms in serroconductor processing, partly because they gen- 
eraDy require liquid immersion of the substrate and partly because they require days or even weeks to complete. One 
aspect of this invention includes a vapor phase aging technique that avokls Hquid immersion <x premature drying of the 
wet gel thin f am and that surprisingly, can age such a thin film in a matter of minutes. 
20 Again, aerogels are nanoporous materials which can t>e used for a variety of purposes indudffig as films or in bulk. 
It ShouU t>e rxsted, fxywever. the problems incurred in f3m fatytcation processing is so different from bulk processing 
prcblems. that, for practical purposes, f 3m processing is not analogous to bulk processkig. 

Qenerally, we have now found that aging in a saturated atmosphere avokte the diffkulties encountered with fquid 
immerson aging. Furthermore, this aspect of the invention provkies several approaches for aging wet gels at increased 
25 temperatures. These methods may be used even when the wet gel originally contains low boiling point pore Bquids. 
However, tfiey work better with low volatility solvents. RnaHy. this aspect of the inventbn prcvkles for adding an optk)nal 
vapor phase aging catalyst to the aging atmosphere to speed a^ng. 

A^ng a wet gel in thin f am form is dilftcuft. as the f ilm contains an extremely snrtall amount of pore fluid that should 
be hekifairty constant for a period of time in order for aging to occur. If pore fluid evaporates from the tarn before aging 
30 has strengthened the networK the film will tend to densify on xerogel fashioa On the other hand, if excess pore fluid 
condenses from the atmosp here onto the ttvn fSm before the network has been strengthened, this may tocally disrupt 
the aging process and cause film defects. 

Thus, we now know tf)at some method of pore flud ev^x>rat>on rate control during aging is beneficial to aerogel 
thin film fabrication. In principle, evaporation rate control during aging can be accompKshed by actively controlling the 
35 pore fluid vapor concentratfon above the wafer, hfowever, the total anrx}unt of pore fkod contained m, for instate, a 1 
mm thk:k 70% porous wet gel deposited on a 150 mm wafer is only atxnit 0.012 mU an amount tfiat wouki easBy fit in 
a single 3 mm c£ameter drop of flukl. Typk:al thin films used for nanoporous dielectrics on senroconductor wafers are 
approximately 1 000 tintes thinner. Thus, actively controlfing the pore ftuki vapor concentration (by adding or removing 
solvent to the atmosphere) to atfow no more than, e.g.. 1%, or less, pore fluid evqaoratfon during aging presents a dif- 
40 itcuft proposition ; tfie suriiace area of the thin film is high and the allowable tolerance for pore fluid variatfons is extremely 
small. In particular, evaporation and condensation control are especially important for rapid aging at elevated terrpera- 
tiflre. where film production processes have heretofore apparently not been practtealfy posstt}l& 

We have overcome the evaporation rate control problem by not attempting to actively control pore fluki vapor con- 
centration above a wafer at an. Instead, ttie wafer is processed in an extremely low-vohmie charrber, such that through 
45 natural evaporation of a relatively small amount of the pore fluki contained in the wet gel fSm. the processing atmos- 
phere becomes substantially saturated in pore f lukl Unless the wafer is cooled at soma point in a substantially satu- 
rated processing atmos^ere. this m^od also naturally avoids problms with cond^isatioa wNch should generally be 
avoided, particularty during high temperature processing. 

A metal-based nanoporous aerogel precursor sol is dsdosed hera'n. Tftis nanoporous aerogel precursor sol com- 
so prises a metal-based aerogel precursor reactant and a first solvent comprising a first polyol; wherein, the molar ratio of 
the frst solvent nralecules to the metal atoms in the reactarrt is at least 1:16. Preferably, the first polyol is glycerol. 
Preferably, the aerogel precursor reactant may be selected from tiie group cor^sting of metal alkoxides. at least par- 
tially hydrolyzed metal alkoxkles, particulate metal axkjes, and combinations thereof. Typk:aay, tiie molar ratio of the frst 
solvent molecules to the metal atoms in the reactant is no greater than 12 : 1, and preferably, the molar ratio of the frst 
^. solvent molecules to the metal atoms in tiie reactant is between 1 : 2 arxi 12 : 1. In same embodment^ the molar ratfo 
of tiie first solvent molecules to ttie metal atoms in tfie reactant is between 2.5 :1 and 12:1. In tiiis method, it is also 
preferable tiiat tiie nanoporous dietecbic has a porosity greater ttian 60% and an average pore diameter less tiian 25 
nm. In some embociments. tiie aerogel precursor also comprises a second solvent Preferably, the second solvent has 
a boiling point low^ than glycerol^ In some errbodiments. tiie second solvent may be ethanol. In some embodiments. 
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the first Gdvent also comprises a glycol, preferably selected from ttie group consisting of ethylene glycol, 1 ,4 butylene 
glyco^ 1 .5 pentanediol. and connbinations thereof. In some mtxxioments, the first potyol is selected from the groi^ con- 
sistffig of i;2.4-t)utanetnol: 1.2.3- butanetriot; 2 methyl-propanetriol; and 2-(hydrc]Kyrnethyf)-1,3'propanecfiol: 1-4» 1-4, 
butanediol; and 2-ntethyl-1,3-propanediol. and combinations thereof. In some entediments, the first pcdybl is a glycol 

$ selected from the groif> consistirrg of ethylene glycol. 1 .4 butytene glycol. 1.5 pentanedol. and combinations thereof. 
Thi^ this invention allows controlled porosity thin f 3m nanoporous aerogels to be deposited, gelled, aged, and 
dried without atmospheric controls. In another aspect, this invention allows controlled porosity thin film nanoporous 
aerogels to be deposited, geDed, rapidly aged at an elevated temperature, and dried with only passive atmospheric con- 
trols, such as limiting the vDlun>e of the aging chamb^. 

10 A method tor forming a tNn film nanoporous dieledric on a semiconductor substrate is cfisdosed herein. This 
method comprises the steps of providtng a semiconductor substrate and depositing an nanoporous aerogel precursor 
sol upon the substrate. This aerogel precursor sol comprises a n^^al-based aerogel precursor reactant and afbst sol- 
vent comprising glycerol; wherein, the moHar ratio of the molecules ctf glycerol to the metal atoms in the reactant is at 
least 1:16. The method further comprises allowing the deposited sol to create a gel. wherein the get comprises a 

IS porous soTid and a pore fluid; and forming a dry. nanoporous dielectric by removing the pore fluid in a drying atmos- 
phere without substantially collapsing the porous solid. In this method, the pressure of the drying atmosphere during 
the iorming step is less than the critical pressure of the pore fluid, preferably near atmospheric pressure. 

Preferably, the aerogel precwsor reactant may be selected from the group cor^isting of metal alkoxides. at least 
partiaOy hydrotyzed metal^ alkoxides. particutate metal oxides, and conMnattons thereof. Preferably, the aerogel precur- 

20 sor reactant comprises silicon. In some embodiments, the aerogel i^ecursor reactant is TEOS. Typically, the molar ratio 
of the molecules of glycerol to the metal atoms in the reactant is no greater than 12 : 1. and preferably, the molar ratio 
of the molecules of glycerol to the metal atoms in the reactant is b^een 1 : 2 and 12 : 1. in some embocfiments. the 
nK)larratfod the nridecules of glycerd to the nrwtal atoms in the reactant :1 and 12:1. In this method, it 

is also preferable that the nanc^x)rous (fielectric has a porosity greater than 60% and an average pore diameter less 

2S than 25 nn^ In soineenixxfiments. the aerogel precursor also conrprises a second sol^^ 

vent has a boiling point lower than gtyceroTs. In some embocfiments. the second solvent may be ethanol. In some 
embocfiments. the first solvent ateo comprises a glycd, preferably sdected from the group consisting of ethyter^e glycol. 
1,4-t)utylene glycol. 1.5-pentanediol, and connbinations thereof. After aging but before drying, in some embodiments, 
the aging fMd is replaced by a dryirtg fluid. This allows, e.g.. rapid, lower tenrperature (e.g.. room temperature) drying 

30 with a fluid that evaporates faster arKf has a sintat^ low sirface tmion. Examples of cfrying fluids irKtude heptane, 
ethanol, acetone. 2-ethylbutyl alcohol and some alcohol-wate' mixtures. 

Thus, this invention allows ccmtroOed porosity thin Um nanoporous aerogels to be deposited, gelled, aged, and 
dried without atmospheric controls. In arurther aspect tNs invention allows controiled porosity tNn film nanoporous 
aerogels to be deposited, gelled, rapidly aged at an elevated temperature, and dried with only passive atmospheric con- 

S5 trols, such as Smiting the volume of the aging chamb^. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention, including various features and advantages thereof, may be best understocxi with reference 
40 to the following drawings, wherein: 

Figure 1 contcuns a graph of the variation of evaporation rate with saturation ratio and solvent type. 

Rgure 2 contains a graph of the evaporation rate for glycerol a function of temperature and atnrK>spheric saturation 
45 ratia 

Rgure 3 contains a graph of the theaetical relationship between porosity, refractive index, and cfielectric constant 
for nanoporous silica dielectrics. 

so Rgure 4 contains a graph of the change in gel tinnes (without solvent evaporation} for bulk ethylene glycol-based 
gels as a function of base catalyst 

Rgure 5 contains a graph of the variation of nxxiutus with density for a non-glycol-based gel and an ethylene glycol- 
basedgel. 

Rgure 6 contains a graph showing the distrbution of pore sizes of a bulk gtycerol-based nanoporous cfielectric 
according to ttie present invention. 

Rgure 7 coritains a graph of the evaporation rate for ethylene glycol as a function of tenperature and atnrx)spheric 
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saturation ratia 

Rgure 8 contains a graph shcMvbig the change in vapor pressure wHh tenperatura 

Rgure 9 contanis a graph showing the shrinkage of a thin ftim when dried in a 5 mm thick container. 

Rgure 10 contains a graph showving the sTvinkage of a thin film when dried in a 1 mm thick container. 

Rgures 1 1A-1 1 B contain graphs of the viscosity variation as a funcfon of alco^ 
gtycol/aloohol and gtycerot/afcohol mixtures. 

Rgures 12A-12B contain aoss-sections of a semiconductor si^bstrate at sacral points during deposition of a thin 
film according to tf)e present invention. 

Rgure 13 is a fkiw chart of a deposftion process for a nanoporous cfielectric accorcfing to the present inventioa 

Rgure 14 contains a graph of the theoretical motar ratio of (^ycerot nrolecules to nietal atonrts vs. porosity of a nan- 
oporous dielectric acoorcf ng to the present inventioa 

Rgure 15 contains a graph of relative fibn thickness and relative fim viscosity as a function of time for one enrfood- 
iment of the present mv^ition. 

Rgures 1 6A and 1 6B contain, respectively, a aoss-sectior^ and a plan view of a sd-gel ttiin film processing appa- 
ratus accortfing to the pres&rt invention. 

Rgure 16C contairs a cross-sectional view of the same apparatus in contact with a &ut)strate. 

Rgures 17A and ITS contain, respectively, aoss-sectional views of another apparatus accorcfing to the present 
invention, empty and endosir^ a s Uibtiat a 

Rgures 1 8A and 1 88 contain, respectively cross-sectional views of yet another apparatus according to the present 
invention, empty arv] enclosing a substrate. 

Rgures 19A, 198 and 19C contam cross-sectional views of adcfitional apparatus configurations which iPustrate 
other aspects of the imrention. 

DETAILED DESCRIPTION OF TWE PREFERRED EMBODIMENTS 

Typical sd-gel thin film processes produce gels which coDapse and densify upon drying, thus forming xwogels hav- 
ing only a few percent porosity. Under ttie uncontrolled drying conditions of xerogel film fonmation. it has been neither 
critical nor possible to completely separate the deposition, aggregation, gelatioa and drying steps during fomnation of 
the tNn fQm, as the entire process may be completed in a few seconds. However, it has now been found that such meth- 
ods are generally unsuited for deposrtir^ high porosity thin films with a controllable low density; because in an aerogel 
type drying process, the film remains substantially undensif ied after drying, its final density is largely determined try the 
soTidrliquid ratio in the film at the gel tima It has now been discovered that the fdfowing criteria are desirable for aerogel 
thin film deposition, particulariy where the thin f 3m is required to planarize arKl^or gap fil a patterned wafer: 

1) an initial viscosity suitable for spirvon appBcation 

2) stable visco^ at deposition 

3) stable fflm thickness at get time 

4) a predetermined soiid:liquid ratio at gel time 

5) gelation shortly after deposftion 

No prior art precursor sol and method have t>een found which meet these conditions. However, in accordance with the 
present invention, it has now been found that a sol prepared witii at least two solvents in specific ratios may be used to 
meet these conditions. 

The method of depositing and gelling such a precursor sol can be best understood with reference to Rgure 15. 

As shown in Rgure 15 for time t=0, a multi-solvent precursor sol may be spun onto a wafer at an initial fBm thickness 
DO and an initial viscosity hO. This Is pr^erably done In a controlled atmosphere having a partial presstire cf the low 



6 



EP0775 669A2 



volatifity solvent which greatiy retards evaporation of the low volatility solvent from the wafer. Thus after spirKxi appO- 
cation. the hi$^ volatility solvent is preferentiany removed from the wafer chiring evaporation time period T1 while the 
low vdati&ty solvent is maintained, thereby decreasing the film thickness to D1 . V^oosity also changes during this time 
to hi , preferably due primarily to the removal of solvent IdeaSy. little cross-tbilong of polymeric clusters in the so) occurs 

5 during this time. At tfie end off T1 , substantially al of the high volatiFrty solvent should be evaporated, at wtiich tme film 
thickness should stabilize or proceed to shrink at a much reduced rate, thereby providing a predetermnied fiquidrsoiid 
ratio and thickness for the thin fam at gel tima 

Time period T2 has the primary purpose of providing separation between the end^nt of evaporation time period 
T1 arxl the gel point which occurs diring gelation time period T3. Pretieratiiy. tinr« period T2 is greater ttian 0. However, 

w some precursors, partkuilarfy those wHh solvents such as glycerol, that promote faster gelation, will gel toward the ervf 
ofperkxJTI. AddrtionaOy, ebbing time period T1 or T2 a v^por-phase catalyst such as anvrionia may be introduced into 
the controlled atmosphera This cata^ may cfiffuse into the thin film, further activating the sd and promoting rapid 
cross-lirdortg. Although little or no evaporatk>n preferably takes place during T2, viscosity should begin to increase sub- 
stantially as cross-Gnking continues to fink polymeric dusters. 

IS Evaporatkm after the get point may result in poor gap-fill and planarity for patterned wafers. Consequently, after 
gelation time period T3. f 3m thickness is preferably held nearly constant unta the gel point has passed by lirrvtirKl evap- 
oration. Sometime during time period 73. a mari«ed change in viscosity occurs as the sd nears the gel point where 
large polymeric clusters finally join to create a spanning cluster which is continuous across the thin f im. 

Sev^ advantages of this new approach are apparent from Figure 15. Sol viscosity and fam thk^ess are both 

20 allowed to change rapidly, but generally not at the same tima Also, film thickness is changed from a first known value 
to a second known value which can t>e independently s^ by solvent ratios and spin conditions. Using th^ method, a 
low viscosity fHm may be applied quickly reduced to a preset thickness, and rapidly gelled at a desired density 

The prececfing paragr£4>hs teach a m^hod of varying the precursor sol viscosity ind^ndently of the dried gel den- 
sity However, ft sttQ leaves open the question of which solvents are most appropriate. Our experience shows that the 

2S solvent evaporation rate for traditional aerogel solvents is very sensitive to smafl changes in the yapor concentration 
and temperature. In an effort to better understand this process, we have modded isothermal solvent vaporization from 
a wafer as a function of percent saturatkm. This modeling is based on mass transfer theory Transport f^ienomena, 
(particularly Chapters 16 and 17) by R B. Bird, Vi E. Stewart arxJ E. N. Lightfoot, is a good referertce for mass transfer 
theory These calculatk)ns w&e performed for a range of solvents. The ambient temperature evaporation rates for some 

30 of these solvents are given in Figure 1. For &mporBl6on to not be a processing problem, the product of the ev£^ratton 
rate and processing time (preferably on the order of minutes) should be significantly less than tf)e fifrn thickness. This 
suggests that for solvents such as ethanol. the atmosphere atxyve the wafer would have to be maintained at over about 
99% saturatiori However, there can be problems associated with allowing the atmosphere to reach saturation or super- 
saturatioa Some of these problems are related to corKlensation of an atmospheric constituent upon the tfun f ilnrt Con- 

35 densation on either the gelled or ungelted thin fHm has been found to cause defects in an insufficiently aged filra Thus, 
it generally desir^e to co nt rol the atmosphere sm;h that no constituent is saturated. 

Rattier than using a high volatilrty solvent and precisely controiring the solvent atmosphere, we have cBscovered 
that a better solution is to use a low volatility solvent with less atrTV)spheric control. investigating this premise; we 
have discovered that glycerol makes an excellent solvent 

40 The use of glycorot allows a loosening (as compared to prior art solvents) of the required atmospheric control dur- 
ing deposition and/or gelation. This is because, that even though saturalkm shoUd still preferably be avoided, the 
atrTK>spheric solvent concentration can be lowered without excessive 9/aporation. Rgure 2 shows hew the evaporation 
rate of glycerol varies with tenperattre and atmospheric solvent concentration. It has been our experience that with 
glycerol, acceptable gels can be formed by depositing and gelling m an uncontroOed or a substantially uncontrolied 

45 atmospha-e. In this most prelerred approach, (a sutsstantiaDy uncontrolled atmosphere) atmospheric controls, if any, 
during depositk>n arnl gelation are typkally limited to deanroom temperature and humicfity controls, although the wafer 
and/or precursor sol may have Independent terT^)erature control. 

One attractive feature of using glycerol as a solvent is that at anrtMerrt temperature, the evaporation rate is suff i- 
dentty kw so tf^ several hours at ambient conditions wiR not yield dramatic shrinkage for thin f 3ms. It has been our 

50 experience that with glycerol, acceptatsle gels can be formed by depositing, gelling, and aging in an uncontrolled or a 
sut>&tanttal)y uncontrolled atmosf^iere. With glycerol, the amtsient tenr^erature evaporation rate is Gufftctentty low so 
that sevml fiours at ambient conditions will not yieM dramafic shrinkage for thin films. It has also been our experience 
that with ethylene gtyod, acceptable gels can be formed bf depositing, and gelling an uncontrolled or a substantially 
uncontrolled atmosphere. With ethylene g^cd, the ambient temperatiFe evaporation rate is higher than glycerol, but 

55 still sufficiency low so that several minutes at ambient conditions will not yield dramatic shrinkage for thin f Qms. How- 
ever, the ethylene glycol-based sols have signfftcantly tower viscosities than comparable glycerol-based sols, thus sim- 
plifying deposition. Also, the pore fluids in glycenol-based sols have significantly higher surface tensions than 
conrparable ethylene glycol-based sols, thus making k)w shrinkage drying more difTicutt 

In adcfitton to serving as a bw vapor pressure and water-misdble solvent ethylene glycol and glycerol may also 
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participate in eol-gel reactions. Although tfie exact reactions in this process have not been fuHy stufied. come reactions 
can t>e predicted. If tetraethoxysaane (TEOS) is employed as a precursor, ethylene glycol can exchange with the ethoxy 
groups: 

5 Si(OCy%)4 + X HOC2H4OH n Si(OC2Hs)4.x (OC2H40H)j( + X C2H5OH 

Stmitarly. tf tetra^hoxysitane (TEOS) is employed as a precursor with a glycerol solvent the glycerol can exchange 
with the ethoxy groups: 

10 3(002^^4 + x [HOCH2CH(OH)CH20H| « Si(OC2H5)4.x [OC3H5(OH)2Jx + x IC2HSOHI 

in princ^ the presence and concentration of these chemical groups can change the precursor reactivrty fi-e., gel 
time). mo(£fy he gel nicrostmcture (surface area, pore size distribution, etc), change the agvig characteristics, or 
change nearly any other characteristic of the gel. 
75 The use of a new solvent system can change a wkle range of processing parameters induc£ng gel tima, viscosity, 
acpng conditions and drying shrinkage. Many of these properties such as gel times are difficult to measure on thin films. 
Although bulk and thin film properties may be different ft is cmen useful to perf^ 

pies (e.g. approximately 5 mm diameter by 30 mm fong) to provide a better understanding of how chancpng solvent sys- 
tems affects the nanoporous silica process. 
20 Glycerol can react with TEOS and produce a dried gel with surprisingly drff^ent properties than that of an ^ha* 
nomrEOS gel. Unanticpated property changes in the glyceroirrEOS based gels generally include (at least on most for- 
mulations): 

Lower density is achievable without supercritk:al drying or pre-drying surface mocfification 
25 Greatly simplified aging 

Shorter gel times even without a catalyst 

Strengths of bulk samples which are approximately an order of magnitude greater (at a given densitjO than conven- 
30 tionad TEOS gds 

Very high surface area (-1,000 m^/g) 

Hgh cptical clarity of bulk samples (This is likely due to a narrow pore size distribution) 

35 

Low density - With this inventioa it is posstole to form dried g^ at very low densities without pre^lrying surface 
modification or supercritical (frying. These low densities can gwerally be down around .3 to .2 g/cm^ (non-porous Si02 
has a density of 2JZ gfcm% or with care, bek)w .1 gfcrr?. Stated in terms of porosity (porosity is the percentage of a 
structure wHch is hollow), this denotes porosities of about 86% and 91% (about 99% porosity with a density of .1 

40 g/cmP). As shown in Rgure 3, these porosities correspond to cfielectric constants of about 1.4 for the 86% porous, and 
1.2 for 91% porous. The actual mechanism that allows these high porosities is not fully known. Howew, it may be 
because the gels have high mechanical strength, because the gels do not have as many surface OH (hydroxyl) groups, 
a combination of ttiese. or some other factors. This method also seems to obtain excellent uniformly aaoss the water. 
If desired, this process can be acfusted (by varying the TEOS/sofvent ratios) to give any porosi^ from above 90% 

45 down to about 50%. Typical prior art dried gels with small pore sizes required either supercritical drying or a surface 
mocfification step before drying to acNeve these low densitie& White some prior art xerogels have porosities greater 
than 50%; tfiese prior art xerogels had substantially larger pore sizes (typically above 100 nm). These large pore size 
gels have signtficantiy less mecharvcal strength. Additionally, tiieir large size makes tiiem ur^uitable for filling small 
(typically less than 1 \m) patterned gaps on a microdrcutt K desired, this process can also be ac^usted (by varying the 

50 TEOS/solvent ratios) to provide porosities below 50%. Porosities down to 20% are possible when care is taken to pre- 
vent premature gelation. 

Thus, this Invention has enabled a new, simple nanoporous fow density dielectrk; fabrication method This new 
giycerol-based method alkiws both bulk and tiiin film aerogels to be made without supercritical drying, or a surface 
mocfification step before drying. Prfor art aerogels have required at least one of these steps to prevent substantial pore 
55 collapse during drying. Density Predk:tion - By varying the ratio of glycerol to silicon (or other metal), tiie density after 
drying can be accurately precficted. This accuracy is likely due to ttie well controlled evaporation aOowed by the low vol- 
atility glycerol solvent As our process shows excellent shrinkage control during aging and dryir^. this allows accurate 
predictfon of the density (and tiius porosity) of tti dried gel. Afthoug^ density prediction had not generally been consid- 
ered a large problem with bulk gets, it had typk:alty been difficult to predict the final porosity of thin 1 Qm gd& This accu* 
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rate density prediction, even for low porosity dried gels, is one reason why this new process might be preferred over 
existing x^ogel processes for forming low porosity gels. 

Stmplffied Aghg - We have found that in the prodiction of nanopor^ 
gel tNn film to a process known as aging. Hydrolysis and condensation reactkins do not stop at the gel point txit con- 
tinue to restructure, or age* the gel unta the reactions are purposely halted. It is believed that during aging, preferential 
dtssolutiOTi and red^Kssition of por&ms of the solid structure produce benefictal resuhs. These benelicial results include 
hig^ strength, greater uniformity of pore size, and a greater abifity to resist pore coQapse during cfrying. However, 
aging a wet gel in thin fftm form is diffcuH. as the film contains an extremdy small amount of pore fluid that should be 
held feirly constant for a period of time in order for aging to occur. If pore fluid evaporates from the film before aging has 
strengthened t^e network the film will tend to densrfy in xerogel fashion. On the other hand. H excess pore fluid con- 
denses from the atnrxTsphere onto the thin fim before the network has been strengthened, this may locally disrupt the 
aging process ar>d cause f3m defects. 

Our new. glycerol-based process has radcally simpBf ied aging of thin film nanoporous cfielectric& Oth^ Htm film 
nanoporous dielectric aging processes have other atfowed signiTcant evaporation, fluid condensation, or required a 
COTtroIled aging atmosphera During depositfon and getatfoa at least to some degree, these glyoerol-based processes 
behave stmilariy to the ethylene glyool-based processes described bekiw. However, the ethylene gfycd-based gels typ- 
ically require atmospheric controls to prevent signifk:ant evaporation during aging, even at room tenrperature. In con- 
trast, the glycerol-based gels have dramatically lower evaporation and shrinkage rates durntg aging. TTiis allows 
atnrx>spheric control to be loosened or eliminated during aging. can fabricate high quality; thin film, glycerol-based 
nanoporous dielectrics with only passive atmospheric controls during room temperature or high temperature aging. 

Shorter Gel Tmnes - The use of glycerol also substantialty shortens the gel time. Many typical ethanol4>ased pre- 
cursors have gel times of at least 400 seconds, when catalyzed (much fonger Wo catalysis). However, we cfiscovered 
that some glycerol-t>ased precursors will gel during wafer spin-on. even wit^MXIt catalysis. IHs quick gelation is not only 
faster than an ethanol-t)ased gel, txit also surpriskigly faster than an ethylene glycoMaased gel. Figure 4 shows gel 
times for two different ethylene gtycd-based corrpositiorre as a functfon of the amount of ammorua catalyst used. These 
gel times are for butk gels for which there is no evaporation of ethanol and/or water as tfto-e wouU be fa thin f 3ms. 
Evaporation increases the sica content and thus, deaeases the gel tima Therefore, these gel times may be the uF9>er 
Iffnitfbr a given precursor/catalysL The gel times reported in Figure 4 are approximatety an order of magnitude shorter 
than conventiortal ethanoH>ased precursors. Gel times generally also exhibit a fust order dependence on the concen- 
tration of ammonia catalyst This impfies that it nr^ be possUe to easily control the gel times. 

For thin tarns (rf these new glyoerol-based gels, it is routine to certain gelation within seconds, even without a gela- 
tion catalyst. We have ident^ed several mechanisms that can be used to launch gelation in thin films, without the addi- 
tfon of a catalyst One method is the concentration of the precursor sol by allowing a volatile sotvent to evaporate. 
Another method is iricreasing the pH by alfowing an add in the precursor sol to evaporate. This evaporative tiasif k:ation 
reTies on rareasing the precursor sol pH to help initiate gelation. However. tNs tiasif ication process <toes not typically 
require a pH change from below 7 to atxive 7. This evaporative basificatfon acts sirrilarty to a typical base catalysts 
process, greatly speeding gelation. At room temperature and pressure, some acids, such as nitric acid, have evapora- 
tfon rates conparat)le to ethanol. N^arying the concentratiorrs and/or types of the high volatility solvent(s) and/or stat)i- 
lizing acid provides a simple, yet tremerxlous flexfole method for acfusting the gelation time. 

Higher Strength - The properties of the glycerol-based samples appear to be quite differ^ from regular gels as 
evidenced fciy txxth their fow degree of drying shrinkage and differences in quaOtative handling of tfie wet and dry gels. 
Thus, upon physical tnspectfon, the glycerol-based dried gels seem to have improved mechanical properties as com- 
pared to botti conventional and ethylene glycd-based dried gels. Rgure 5 shows the bulk modulus measured during 
isostatic compaction measurements of one sample prepared using one ethylene glycol-based and one conventional 
etfianGl-based dried bulk gel (both have the same initial density). After initial charges attrtouted to buckling of the struc- 
ture, both samples exhibit power law dependence of modulus with density. This power ^ dependence is usually 
observed in dried gels. However, what is surprising is the strength of the ethylene glycot-based dried gel. At a given 
density (and thus, dielectric constant, the modulus of this sample of the ethylene glycol dried gel is an order of magni- 
tude higher than the conventional dried gel. PreUmanary evaluations show that the glycerol-based gels are even 
stronger than the ethylerra gtyocl-based gels. These evaluations include qualitative handling tests arvf information 
t>ased on tfte shrinkage during drying. The reasons for this strength irKarease are not totaQy dear. Hcwvever. preliminary 
e)q>eriments indicate that our rapid gelation times and/or narrow pore size distrfoution may t>e responsible for the high 
strengths. 

High surface area - We measured the surface areas of some dried bulk gels. These siotace areas were on the 
order of 1 .000 m?/g, as compared to our typical etharx>{-t>ased dried geHs which have surface areas in the 600-600 m^/g 
rang& These higher surface areas may imply smaller pore size and imprcved mechanical properties. It is undear at this 
time why these higher surface areas are obtained with the glycerol-based dried gels. 

Pore size distrOxition - The optical clarity of these dried butk gels was greater than any ethanol-based dried gels 
at this density that we have prevtously nrvtde. It is possible that this excellem op^ 
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size dstrbutkm. However, tt is undear why the glycerol has tNs effect Prefiminary cocperimertts show that one possible 
explanation Is that rapid gelation times may be linked to a narrow pore size distribution. Figure 6 shews the pore size 
distraxjtion (as nrteasured by BJH nitrogen desorptton measurements) of a bulk gel sar^pte with a density of about .57 
g/bm^. The mean pore diameter (desorption method) of this sample was 3.76 nm. As the typcal pores are not truly 
cylindrical, diameter, as used herein, actually refers to the cfiameter of an equivalent cylinder with the sanrte surface area 
to volume ratio as the overall gel^ surface area to volisne ratia 

As shown above, some properties of the glycerol-based gels apply to both bulk gels and thin f Inre. However, some 
advantages are most evident when applied to thin films, such as nanc^)orous dielectric films on semiconductor wafers. 
One important advantage is that this new method allows high quality nanoporous f 3ms to be processed with no atmos- 
pheric controte during deposition or gelation. 

Although it is important to be able to deposit and gei thin nanoponxisf 9ms without atmospheric controls, it is also 
desirable to age thin nanoporousfSnre without atmospheric controls tt has been discovered that this can present a big- 
ger diajleige than deposition. The primary reason is that wNle deposition arvJ room temperature gelafion can take 
place in minutes, or even secortds; room tenperature aging typically requires hours. Thus, an evaporation rate that pro- 
vides acceptable shrinkage for a short process, may cause unacceptable shrinkage when the process times are length- 
ened by an order of magnitude. 

As an example, we have found that with some glycerol-based gels, a satisfactory aging time at room temperature 
is on the order of a day. However. Table 1 shows that by using higher tenperatures. we can age thin fams wHh times 
on the order of minute& These aging times are comparable to the preferred aging time of many typical ethanol-based 
and ethylene glycot-based gels. Thus, when these times and temperatures are combined with the evaporation rates of 
Figurel. Figure 7, arxl Figure 2. tfiey give the approxinrmtethickriessk>ss during aging as shcn^ in Table 2. These esti- 
mated ttiickness losses need to t>e compared with acceptable thickness losses, particutariy for thin fflm applications. 
While no firm guidelines for acceptable thickness foss exist, one proposed gukieline. for some microcircuit applications 
such as nanoporous dielecb'ks, is that the thickness losses shouU be less than 2% of the film thickness. For a hypo- 
thetR^al nominal fim thickness of 1 pm (AchJal film thicknesses may typtcaDy vary from significantiy less than .5 pni to 
several \Mm thick), ^ gives an alfowabte thickness loss of 20 nm. As shown in Table 2. the glycerd-based gels can 
achieve this preliminary goal without atmospheric control at room temperature. Thus, tNs invention alkyws controlled 
porosity thin film narioporous aerogels to be deposited, gelled, aged, and dried without atmospheric controls. In another 
aspect, this inventfon allows controlled porosity thin film nanoporous aerogels to be deposited, gelled. rapuJity aged at 
an elevated temperature, and dried with only passive atmospheric controls, such as limiting the volume of the aging 
chamber. 



Table 1 



Approximate Aging Time as a Function of Temperature 
For Some Thin Rm Glycerol- Based Gels 


Aging Temperature 
(Degrees C) 


Aging Time For Glycerol-Based 
Qels (Ovder of Magnitude 
Approximations) 


25 


1 day 


100 


5 minutes 


140 


1 minute 
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TaUe2 



Approxtmate Thickness Ljoss During Aging vs. Saturation Ratio. 


Aging Time/Tem- 
perature 


Thickness Ijoss During Aging 




Ethanol-BasedOel 


EG-BasedOel 


Glycerol-Based Gel 




%Saturation 


% Saturation 


% Saturation 




0% 


50% 


99% 


0% 


50% 


99% 


0% 


50% 


99% 


1 day/25* C 


8 mm 


7 nvn 


86fim 


17pm 


7pm 


172 nm 


13 nm 


Snm 


.1 nm 


300 sec/100" C 








3)im 


1.2prri 


90 nm 


600 nm 


420 nm 


9nm 


eOsec/IWC 














6pm 


3 pm 


60 nm 



Improved yield and reliabirtty considerations may require tNckness losses l>etow 2%, such as less than .5% or .1%. 
By using passive atmospheric control, this invention can be extended to these, and even tower evaporation losses. This 

20 passive control involves ptactng the gel n a relatively smaD dosed container, at least during aging. In this aspect of the 
invention, a«poration from the wafer ads to raise the saturation ratio of the atmosphere inside the dosed container. At 
any given temperature, this evaporation continues until the partial pressure of the vapor increases enough to equal the 
vapor pressure of the Equtd. Thus, solvent^emperature combinations with lower vapor pressure will not allow as nuich 
liquid solvent to evaporate as a Ngher vapor pressure combination allows. Rgure 8 shews how vapor pressure varies 

25 with tenperature for several sotvenls. If the container size is knowa the amount of evaporation can be catcUated. Rg- 
ure 9 shows an estimate of how tNck of layer of sdvent could potentially be evaporated rf a 70% porous gel is placed 
in a 5 mm high cyfindrical container that is the same diameter as the wafer. Rgure 10 shows a similar estimate for a 
container with a 1 mm high ^rspace above the wafer. These figures show that with a 5 mm high airspace, the 20 nm 
preliminary goal is feasible up to 120 degrees C tor glycerol-based gels, but only up to 50 degrees C for ethylene glycd- 

30 based gels. With the 1 mm airspace, the 20 nm goal is f easftile ail the way to 150 deg^ees C for the glycerol-based 
gels, but only up to 80 degrees C tor the ethylene glycol-kxased gels. Of coiffse, lower temperature processir^ allows 
[ess evaporatioa Passive evaporation contrd using the 1 mm containers aOows less than 1 nm of thickness loss (.1% 
of a 1 pm thick film) for the glycerol-based gels, even at 100 degrees C. 

TTiere are many variations on this passive control approach. One variation aOows the container size to irKrease. 

35 The thickness toss will Hnearly increase with the container volume. However, even a 1000 cubic c^timeter container 
typically allows only 5 nm of glycerol evaporation at 80 degrees C. Another variation is the gel pc^osity. Higher porosity 
gels generally experience greater thickness losses wNle lower porosity gels generally experience slightly smaller thick- 
ness losses. 

One disadvantage of glycerol is its relatively high viscosity which can cause problems with gapping and/or 
40 planarizatioa As described above, a low viscosity, high volati&ty solvent can be used to lower the viscosity. Figure 1 1 A 
shows the calculated viscosity of some ethanol/glycerol and methanol/glycerol mixtures at room tOTperature. As the 
figure shows, alcohol can significantly reduce the viscosity of these mixtures. Rgure 1 1 B shows the calculated viscosity 
of sonrie ethand/ethylene glycd and methanol/ethylene glycol mixtures at room temperature As this figure shows, the 
ethylene glycd is much less viscous than the glycerd. and smaO quantities of akxM stgnif icantfy reduce the viscosity 
45 of these mixtures. Also, if the viscosity using ethand in the stock solution is W^er than desired, further improvement 
can be realized by employing methand in the precursor solution. The viscositieB reported in Rgures 1 1 A-1 1 B are for 
pure fluid mixtures only. In fact depending upon the f 3m precursor solution, the precursor sdution might conta^ glyc- 
erd. alcohd. water, add and partially reacted metal alkoxides. Of course, the viscosity can be increased before depo- 
sition by catalyzing the condensation reaction and h»ice. the values reported in Rgures 11A-1 IB represent lower 
so bounds. 

This multi-sdvent approach may be combined with or replaced by an alternative approach. This alternate approach 
use elevated temperatures to reduce the sd viscosity during application. By heating and/or diluting the precursor during 
d^x)sition, (such as by heating the transfer line and deposition nozzle of a wafer spin station) the viscosity of the pre- 
cursor sol can be sid)stantially lowered, fvtot only does this preheat tower the sd viscosity, it will also speed gel times 
55 and accelrate the evaporation of any high volatility solvents. It may also be desirable to preheat the wafer. This wafer 
preheat should improve process owitrot and may improve gap fill, particularfy tor the more viscous precursors. However. 
. for many applicattons, virafer preheat is not required, thus simplifying process flows. When using a spin-on application 
method with this no wafer preheat approach, the spin ^on wouki not require a temperature contrdled spinner. 
Dried gels produced with this sinple thin film aerogel fabrication process can be used in many applicattons. Some 
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of these uses may not have been cost effective using prior art methods. These uses indude lowr dielectric constant thin 
tarns (particularly on semiconductor sut>strates), miniaturized chemical sensors, thermal isolation structures, and ther- 
mal isolation layers (incfudffig thermal isolation structures for infrared detectors). As a general rule, many low cBelectnc 
constam thin f Sms prefer porosities greater than 60%. with critical applications prefening porosities greater than 80 or 
90%. thus giving a sitetant^ reduction in didectric constant However, structural strength and integrity considerations 
may limit the practical porosity to no more than 90%. Sonrte applications, including themrtat isolation structures and ther> 
mal isolation layers, may need to saaffice some porosity for higher strength and stiffness. These higher stiffness 
requirements may require cf electrics with porosities as low as 30 or 45%. In other high strengthAoughness applications, 
especially sensors, v^iere surface area rray be more important than density, it may be preferable to use a tow porosity 
gel with a porosity between 20% arxf 40%. 

The thin film discussion above has centered around thin film aerogete for microelectronic circuits. How€v^. aero- 
gels are also useful in other applications, such as thin f3ms on passive substrates. These new high strength, easy to 
fabricate gels now make many of these uses practical. For purposes of this appGcation, a passive substrate is defined 
as a substrate that does not cornprise or contain a microdectronic circuit, or at least where there is no interaction 
between the aerogel and the electronics. Sol-Gel Science by C. J. Brinker and G. W. Scherer descrbes several of these 
uses in chapter 1 4. These passive uses may partially include some types cf optical coatings, some types of protective 
coating and sonrie types of porous coatings. 

Antireflective (AR) coatings can require a wide range of porosities. These will typically range from 20% paous to 
70% porous, although higher porosities (above 90%) may be useful where there is adequate surface protecttoa and 
lower porosities (down to 10%. or t>elow) may be uselid in Ngh perlonmance coatings or coatings on substrates with a 
high index of refraction. In some single layer AR coatings, it may be pr^eraUe to use gels with porosities between 30% 
and 55%. Higher perfonmance. muHi-tayer AR coatings wiD prefer denser layers (6.g.. porosity t>etween 10% and 30%) 
next to the substrate, and less dense iay&s (e.g.. porosity between 45% and 90%) next to the air interface. For higher 
strengthAoughness ^jpfications, especally where high strength and surface area are the primary goals, it may be pref- 
erable to use a low porosity gel with a porosity between 20% to 40%. Other thin film coatings may need the lowest den- 
sity practical, thus needing porosities greater than 85%, 90%, or wen 95%. 

There are also mar^ bulk get appfications that can benefit from these new high strength, easy to fabricate aerogels. 
These bulk gel uses include (but are not Med to) nanoporous (e.g.. molecular) sieves, thennal insulation, catalyst 
sL4)ports. adsoi1:>ents. acoustic insulation, and optiseparation memt}ranes. As a general rula many bulk uses prefer 
porosities greater than 60%, with critical applications preferring porosities greater than 80% or 90%. However, structural 
strength and integrity corsiderations may limit the practical porosity to no more than 95%. Some applications, possft)ly 
inducfing sieves, may need to sacrifice sonrte porosity for higher strength and stiffness. These higher stiffness require- 
ments may require cGelectrics with porosities as tow as 30 or 45%. In other high strength/toughness applications, pos- 
sibly including catalyst supports and sensors, where surface area may t^e nx>re important than density, it may be 
preferable to use a low porosity gel with a porosity between 20% and 40%. 

Typical sol-gel thin film processes produce gels which coBapse and density upon drying, tfuis forming xerogels tiav- 
ing limited porosity (Up to 60% with large pore sizes, but generally substantially less than 50% with pore sizes of inter- 
esQ. Under the uncontrolled drying conditions of xerogel fBm formation, many of the internal pores permanently 
collapse. However, in thin film aerogel formation, the pores remain substantially uncollapsed, even though there may 
be a small amount of shrinkage during aging and/or drying tfiat affects the final density 

Referring now to Figure 12A, a semkx)nductor substrate 10 (typically in wafer form) is shown. O>mmon substrates 
include siBcon, germanium, and gallium arsenide, and the substrate may include active devices, k>wer level wiring and 
insulation layers, and many other common structures not shown but known to those skilled in the art Several patterned 
conductors 12 (e.g., of an AM).5%Cu compositton) are shown on substrate 10. Conductors 12 typically run parallel for 
at least pari of their length, such that tfiey are separated by gaps 1 3 of a predetermined width (typically a fraction of a 
micron). Both the corxfuctors arxl gaps may have height-to-wkfth ratios much greater than shown, with larger ratios typ- 
ically found in devices with smaller feature sizes. 

In accordance with a first embocGment of the present invention, mix 61 .0 mL tetraethoxysitane (TEOS). 61 .0 mL 
glycerol 4.87 mL water, and .2 mL 1 M HNC^ and r^iux for 1 .5 hours at - 60°C to form a stock solution. Equivalentty. 
mix .27 nnol TEOS. .84 mol glycerol, .27 mol water, and 2.04E-4 mol HNO^^ and reflux for 1^ hours at - €0'*C. After the 
stock soiutkm is altowed to cool, the solution may t>e diluted with ethanol to reduce the viscosity. One suitat>le stock 
solutiort solvent volume ratio is 1 :8. However, ttiis ratio wBl dep^ upon desired f am thickness, spin speed, and suty 
strate. This is mixed vigorously and typically stored in a refrigerator at - 7*^0 to maintain stabifity unttt use. The sotutton 
is typk^ally warmed to room tennperature prior to film depositioa 3-5 mL of this precursor sol may be dispensed at room 
temperature onto substrate 10. whk:h \s then spun at 1 500 to 5000 rpm (depending on desired f3m thickness) for about 
5-10 seconds to form sol thin film 14. The depositkm can be performed in an atmosphere that has no special control of 
solvent saturation (e.g.. in a deanroom with non-exotic humidity controls). During and after this deposition and spinning, 
the ethanol. water, and the nitric acid are B/aporating fr m film 14, but due to glycerors low volatility, no substantial 
evaporation of the glycerol is occurring. This evaporatton temporarily cools the thin film, although the film temperature 



12 



EP0775669A2 



rises within seconds after the evaporation rate drops off. This cooling retards, but does not prevent gdation. This evap- 
oration also shrinte thin tarn 14 and conceritrmes the siftca content of the sd.forrrrtg reduced tfu'doiess film 18. Figure 
12B shoMs a reduced thickness sol f3m 18 obtained after substantially all (about dS% or more) of the ethanol has been 
removed. This concentrating, evaporative basification. and/br rewamrvng of the film typically cause gelation within sec- 
onds. 

FOm 18 has an approximatety known ratio of silicon to pore fluid at the gel point This ratio is approximately equal 
to the ratio of TEOS to glycerol in the as-deposited sol (with minor changes due to remaining water, continued reactions 
and irttide n tal evaporation). As this method largely prevents the gel from permartentty collapsing, this ratio determines 
the density of the aerogel film that wai be produced from the sd thin film. 

After gelation, the tNn fam we! gell 8 composes a porous sofid and a pore flutd, and can preferably be allowed time 
to age at one or more controlted temperatures. e.g.. about a day at room tenperature. It should be noted that the pore 
fluid cfianges somewhat during processing. These changes may be due to continued reactions, evaporation/bondensa- 
tioa or cherrucal addtHons to the thin fBra Aging may preferably be accomplished by lettir^ the 5U>strate and gel sit for 
approximately 24 hours at about 25* C or by heating it to 1 30-1 SO"" C for about 1 minute in a ctosed container. 

Aged film 1 8 rnay be dried wahout8ii>stantialdensification by one of several methods, including supercritical fluid 
extracticn. I^owever. with these new glycerol-based gels, one alternative is to use a solvent excfmnge to replace the 
aging fluid with a drying fluid and then air dry the f3m 18 from this drying fluid. This drying method uses a solvent 
exchange to replace the aging fluid with a different fluid. Whether this fluid is identical to the aging f lidd or not the pore 
fluid that is preserrt during drying is sometimes referred to as *^drying fluid*. H used, the solvent exchange replaces the 
aging fluid that is dominated by the glycerol and its associated Ngh si^ce tension with a drying fhid that has a ICNver 
siBface tension. This solvent exchange may be earned out as a one. cm* two step process. In the two step process, the 
first step replaces the aging fluid witti an intermediate t^ dispensing approximately 3-8 mL of ethanol at room temper- 
ature (or wanner) onto aged thin fSm 18. then spinning the wafer between approximately 50 and 500 rpm for about 5- 
10 seconds. It sometimes requires between 3 and 6 spin-on sequences to replace most of the a^ng fluid. The second 
step preferat)ly replaces the intermediate fluid with a drying fluid such as heptane. This step preferably comprises cfis- 
pensing approximately 3-8 mL of heptane at room temperature (or warmer) onto aged thin film 18, then splrtning the 
wafer between approximately 50 and 500 rpm for about 5-10 seconds. It sometimes requires betwreen 3 and 6 spin-on 
sequences to replace most of the intenmediate fluid. This solvent exchange method allows us to remove nearly all the 
Otycerol-containing fluid t>efiore drying. The drying fluid (heptane in this case) is finally allowed to evaporate from the wet 
gel 18, forming a dry nanoporous delectric (dried gel). If the film can be satisfactorily dried from a liquid that is solut)le 
with the aging fluid, the intermediate may not tse required. In many cases, the wet gel can be dried directly from ethanol, 
or other suitable solvent. 

TNs evapaation may be performed by exposing the wafer surface to an atmosphere that is not near saturated with 
the drying fluid. For example, the wafer could be in a sidastantially uncontrolled atmosphere, or a drynig gas could be 
introduced into the atmosphere. To prevent boBing. drying shouU preferably start at a temperature somewhat below the 
bo9ing point of the drying fluid, such as room temperature. If a Ngher boiling point drying fluid, such as glycerol, is used 
(ag.. drying without solvent replacement), the starting drying temperature can be inaeased to a temperature near or 
equal to the aging temperatura As the thin film becontes predominately dry (typically within seconds), the temperature 
shoukJ then be inaeased above the boiling point of both the aging fluKi and the drying fluid. This method prevents 
destructive bdlbig, yet insures that aO fluid is removed. Glycerol, as well as some other fluids, either decompose at 
approximately the same temperature as they boil, or decompose in 6eu of boiling. With these fluids, particularty fluids 
like glycerol that can decompose into toxfo substances, care should be taken not to overheat the evaporated fluid or tfie 
undried wafer. After drying, it is preferable to t>ake the nanoporous dielectric for a short time (such as 300*" for 15 to 60 
minutes) to help remove any residud materials, such as organics, that are in a on the dielectric. The theoretical dielec- 
tric constant (before surface nxxlSication) of this embedment is 1.3. 

In order to reduce the dielectric constant it is preferable to dehydroxylate (anneal) the dried geL This may be done 
by placing the wafer in a dry atmosphere with an agent, such as hexamtihyldisilazane (HMDS) a hexaphenykfisilazane 
vapor. The HMDS will replace much of the water and/or hydroxyls bound to the dried gel's pore surfaces with methyl 
groupsL This r^acement may be performed at room temperature, or warmer. This replacenrtent can not only renruive 
water and/or hydroxyls, it can also render the dried gel hydrophobic (water repelling). The hexaphenyldisilazane mil 
also remove water and/or hydraxyls and render the dried gel hydrophobic. However, the phenyl groups have a higher 
terrperature stability than the mettryt groips, at the expense of a stightiy Ngher dielectric constant 

Figure 13 contains a flew chart of a general method for obtaining an aerogel tNn film from a precursor sol according 
to one embodiment of the present inventioa Table 3 is a quick simmary of some of the substances used in tNs method. 
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Table 3 





Substance Summary 


5 


R6f# 


Specific 
ExaiTfrie 


Functional Description 


Preferred Alternates 




10 


Silicon 


Substrate 


Semiconductor substrate, Qe. GaAs. active devices, lower 
level layers, glass, plastic optical substrate 


10 


12 


At-O.S%Cu 


Patterned Conductors 


Al. Cu, otfier metals, pdysOicon 






TEOS 


Precursor Sd Reac- 
tant 


Other silicon-based metal alkaxides (TMOS. MTEOS. BTMSE, 
etc.], aBtoxides of other metals, paniculate metal oxides, 
organic j^Mrecurst^s, and oombirtations thereof 


IS 




Glycerol 


Precursor Sol First 
Solvent (Low volatility 


Ethylene glycol, Other trihydric alcohols, combinations of glyc- 
erol and cfihyclric and/or trdiycfe alcohols. 1,4-butylene glycol 
and 1 ,5-p6ntaneaiol. 1 ,2,4-c)utanetr)0i; 1 ,2.3- Dutaneinoi, £ 
methyH)ropanetriol; and 2-(hydrQxym6thyl)-1 .3-propanedol; 
1-4. 1-4, butanediol; and 2-m^hyl-1.3i3ropanecSoi. 


20 




rmricAdd 
(HNQ3) 


Precursor Sol Stabi- 
lizer 


Other adds 






Ethanol 


Precursor Sol Second 
Solvent (High vdataity) 


Methanol, other alcohols 


25 




Qhanol 


Viscosity Recbiction 
Solvent 


Methanol, other alcohols 


30 




Afnmonium 

Hydroxide 

{NH4OH) 


Gelation Catalyst 


Arnmmia. volatile amine spedes, volatile fluorine spedes, and 
other compounds that will raise the pH of the deposited sol 




As -Gelled 
PoreFUia 


Aging Ruid 


Gtyceml, ethylene glycol, water, ethand, other alcohds. com- 
binations thereof. 


35 




A^g fluid 


Drying Fluid 


Heated aging fluid, heptane, acetone, isoproponal, ethand, 
methanol, 2-ethy(butyl aloohd, aicohdAvater mixtures, ethyl- 
ene gtycd, other OcMc^ that are nrtoi^e with the aging fluid, 
yet have lower surface tension than the aging fluid, combina- 
tions thereof. 


40 




Hexametfiytd- 

tstlazane 

(HMDS) 


Surtace Modification 
Agent 


hexaphenykfisBazane. trimethytmethoxysitane. dimethyld- 
imethoxysilane, trimethytcNorosSane (TMCS), phenyl com- 
pounds and f iuorocaibon compourxls. 



in accordance with a second, higher density, embodmerrt of the present invention, mix 150.0 mL TEOS. 61 .0 mL 
45 glyc&ol, 150.0 mt ethand, 12.1 rnL water, and. 48 nriLIMHNOs and reflux for 1.5 hours at- BO^^C to form a stock sdu- 
tion. Equtvalentiy, mix .67 md TEOS, .84 md glycerol. 2.57 mol ethand. .67 md water, and 4.90E-4 nnol HNO3 and 
reflux for 1.5 hows at - 60^0. After the stock solution is allowed to cod, the sdutfon may be diluted with ethand to 
reduce the viscosity. One suitable stock sdution:sotvent vdume ratio is 1 :8w This is nrnxed vigorously and typically stored 
in a refrigerator at - 7°C to maintain stabifity until use. The sdution is warmed to room temperature prior to film depo- 
se sition. 3-5 mL of this precursor sd may be dispensed at room tenperature onto substrate 1 0, which Is then spun at J500 
to 5000 rpm (depending on desired film tfiickness) for about 5-10 seconds to form sd tfun film 14. The deposition can 
be performed in an atmosphere that is not solv^ contrdled (ag., standard exhausts in a deanroom with non-exotic 
humkJrty controls). During and after this deposition and spinning, ethand (a viscosity reduction adcStive and a reaction 
product from the TEOS and water) and water is evaporating from film 1 4, but due to glyceroPs low volablity. no substan- 
55 tial evaporation of the glycerd is occurring. This evaporation shrinks thin film 14 and concentrates the sSica content of . 
the sd forming reduced thickness film 18. Rgure 12B shows a reduced thickness sd f3m 18 obtained after substantially 
all (about 95% or more) of the water has been removed. This concentrating typically causes gelatk>n within minutea 

Further processing gently fdlows the process descra>ed in the first embodiment. After gelation, the thin film wet 
gel 18 comprises a porous solid and a pore flukl. and can preferably be allowed time to age at one or more oorrtrolled 
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tenperahires. Aged fam 18 may be dried without substantial densffication by one of set/eral methods, induding stper- 
crfticat fluid extraction. Howe^. with the loner density fomrulations of these new glycerol-based gels, it is preferable to 
perform a non-supercrttical dryina such as a solvent exchange fallowed by air drying the film 18 from the drying fluid, 
as descrbed in the f ir^ embodiment The nanoporous dielectric can then be sut^ected to a post-dry bake and/6r a sur- 
5 face modffication, as descrtoed in the first embodimenL The theorrtical dielectric constant (before surface modification) 
of this embocfiment is 1 .6. 

In accordance with a titird, higher density, embodiment of the present invention, mix 208.0 mL TEOS, 61 .0 mL glyc- 
erol. 208.0 mL ethand, 16.8 mL water, and .67 mL 1 M HNO3 and reflux for 1 .5 hours at - 60^C to form a stock solution. 
Equrvalentty. mix .93 md TEOS. 84 mot glycerol. 3.56 mol ethanol. .93 mol water, and 6.80E-4 md HNO3 and r^Iux 

10 for 1 .5 hours at - 60<^. After the stock solution is aUowed to cool, the solution may be cBtuted with ^hanol to reduce the 
viscosity. One suitable stock solution:solvent volume ratio is 1 :8. THs Is nnxed vigorously and typically stored in a refrig- 
erator at " T'C to maintain stalnlity until usa The solution is warmed to room temperature prior to fibn deposition. 3-5 
mL of this precursor sol may becfispensed at room temperature onto substrate 10, which is then spwi at 1500 to 5000 
rpm (dep^ng on desired film thickness) for about 5-10 seconds to form sol thin film 14. The deposition can be per- 

15 formed in an atmosphere that is not solvent controlled (e.g., standard exhausts in a deanroom with non-exotic hunvdity 
controls). During and after this deposition and spinning, ethanol and water is evaporating from f3m 14. but due to glyc- 
erol'^s fow volatOtty. no substantial evaporafion of the glycerol is occunrtng. This evaporation shrinks ttiin f itm 1 4 and con- 
centrates the siBca content of the sol forming reduced thickness fSm 18. Rgure 12B shows a rechiced thickness sol film 
18 obtffined after substantially al (about 95% or more) of the water has been removed. This concentrating typically 

20 causes gelation within nvnutes. 

Further processing generally todows the process described in the first embodiment After gelation, the thin film wet 
gel 18 comprises a porous solid and a pore ftiBd, and can preferably be alfowed time to age at one or more controlled 
tempmtures. Aging may be accornplished by letting the device sit lor approximately 24 hours at 25* C. Aged film 18 
may be dried without substantial denstf icaton by one of several methods, including supercritcal fMd axtractioa or a 

2S solvent exchange foOowed by air drying. However, espectalfy in this higher density formulation of these new glycerol- 
based gels, it is preferable to air dry the f im 1 8 from the aging fluid. In this direct drying method, the wafer surface is 
exposed to an atmosph^e that is not near saturated with the drying fluid. A simple method is to remove the cover from 
a fow volume aging chamber, thus eaqposing the gel surface to a substantiaily uncontrolled atmosphera Another method 
introduces a drying gas into the aging cfiamber or atmosphere. With ttvs direct drying method, the starting drying ten- 

30 perature can preferatily be inaeased to a temperature near or equal to the aging ternperature. This high temperature 
drying reduces surface tension and assodated shrinkage, speeds drying, arxl sirrptif ies processing. As the tNn film 
becomes predominately dry (typically within seconds for h^h temperature drying), the temperature should th»i be 
increased above the boiling point of both the aging fluid and the drying fluid (they are often the same fluid). This method 
prevents destructive boiling, y^ insures that all fluid is removed. Since this method's drying fhxi comprises glycerol. 

35 which can decompose into toxx; substances, care shoufo be taken not to overheat the evaporated ffoid or the undried 
wafer. The nanoporous dielectric can then be sukijected to a post-dry bake and/br a surface modTication, as described 
in the first enrfoodiment The theoretical dielectric constant (before surface modification) of the embocfiment is 1 .76. 

In accordance with a fourth emboc&nertt of the present invention, mix 278.0 mL TEOS. 61 .0 mL glycerol. 278.0 mL 
ethanol. 22.5 mL water, and .90 mL IM HNO3 and reflux for 1 .5 hours at - SO^'C to form a stock solution. Equivalendy, 

40 mix 1.25 mol TEOS, .84 mol glycerol. 4.76 mol ethanol, 1.25 mol water, and 9.1E-4 mol HNO3 and reflux for 1.5 hours 
at - 60*<^. After the stock solution is allowed to cool, the solution may be diluted with ethanol to reduce the viscosity. 
One suitable stock solution:solvent volume ratio is 1 :a This is mixed vigorously and typically stored in a refrigerator at 
- 7*»C to maintain stability until usa The solution is warmed to room tenperature prfor to film deposition. 3-5 mL of this 
precursor sol may be dispensed at room temperature onto substrate 10, which is then spun at 1500 to 5000 rpm 

45 (depencfing on desired film thickness) for about 5-1 0 seconds to form sol thin f 3m 14. The deposition can be performed 
in an atmosphere that is not solvent controlled (e.g.. standard exhausts in a deanroom with non-exotic humidity con- 
trols). During and after this deposition and spinning, ethanol and water is evaporating from fSm 14. but due to glycerol's 
tow volatility, no sufc>stantial evaporation of the glycerol is occurring. This evaporation shrinks thin film 14 and concerv 
trates the sOica content of the sol fonming reduced tNckness film 1 8. Rgure 12B shows a reduced tfucfotess sol film 1 8 

5D obtained after substantially all (about 95% or more) of the water has been removed. This concentrating typically causes 
gelation within mirujtes. 

Furtfier processing generally follows the process desaibed in the tfwd errfoocfimenl After gelation, the thin film wet 
^ get 18 comprises a porous solkf and a pore fluid, and can preferably be alfowed time to age at one or more controlled 
temperatures. Aged fHm 18 may be dried without substantial densification by one of several methods, inducing super- 
55 critical fluid extraction. However, it is preferable to air dry the film 18 from the aging fluid, as described in the third . 
enrfoodiment. The nanoporous dielectric can then t>e subjected to a post-dry bake and/or a suriace modification, as 
desa3>6d in the first embodiment The theoretk:al dielectric constant (before surface modification) of this embodiment 
is 1.96. 

In accordance with a fifth embodiment of the present invention, mix 609.0 mL TEOS, 61 .0 mL glycerol, 609.0 mL 
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ethand, 49.2 mL water, and 1 .97 mL 1M HNO3 and reflux for 1.5 hours at - SCTC to form a stock solution. Equivalently, 
mix 2.73 mol TEOS, .84 mol glycerol, 1 0.4 mot ethanol. 2.73 mol water, and 2.00E-3 mol HNQa and reflux tor 1 .5 hours 
at " 6(rC. After the stock solution is alkMved to cod. the solution may be dSuted with ethand to reduce the viscosity. 
One suitable stock sotutionisdvent volume ratio is 1 :a ITus is mixed visorously and typically stored in a refrigerator at 
- 7*C to maintain stabifity until usa The sdution is warmed to room temperature prior to f 3m deposrtion. 3-5 mL of this 
precursor sd may be dispensed at room temperature onto substrate 10, wNch is then spun at 1500 to 5000 rpm 
(depending on desired f ^ thickness) for about 5-1 0 seconds to fonm sd thin tarn 14. Ihe deposition can be performed 
in an atmosphere that is not sdvent controlled (e.g.. standard exhausts in a deanroom with non-exotk; humidity con* 
trots). IXjring and after this deposition and spinning, ethand and water Is evaporating from film 1 4. but due to glycerol's 
k)w vdatffity, no substantial evaporation of the glycerd is occurring. This evaporation shrinks thin f 3m 1.4 and concen- 
trates the slica content ol the sd forming reduced thtdoiess f Sm 1 B. Figure 1 2B shows a reduced thtekness sol film 1 8 
obtained after substantially all (about 95% or more) of the water has been removed. TTiis concentrating typicaDy causes 
gelation within mirutes. 

Furttter processing generalty fdlows the process described in the third errbodiment After gelation, the thin film wet 
gd 18 conrfirises a porous sofid and a pae fluid, and can preferably be allowed time to age at one or more controlled 
temperatures. Aged film 18 may be dried without substantal densffication by one of several methods, inducing super- 
crtoil fluid extraction. However, ft is preferafcile to air dry the fOm 18 from the aging fluid, as descrft>ed in the third 
ennbodiment The nanoporous dielectric can then be sutjected to a post-dry bake and/or a suriSace nxxfificatioa as 
described in the first embocfiment The theoretical dielectrk: coristant (before surface mocfif ication) of this embodiment 
is 2.5. 

Ottter ratios of solvent to reactant ratios can be used to provide different porositiesAfielectric constants. Figure 1 4 
shows the theoretical relationship between the molar ratio of glycerd mdecules to metal atoms and the porosity of a 
nanoporous delectric for the case where all ethand is evaporated from the deposited sol. Typicdfy. the higher porosity 
gtyceroM>ased gels (generally less than atx>ut .51 g/oc) prefer a sdvent exchar^e or other method to lessen shrinkage 
during drying. On the other hand, the lower porosity gels require care to prevent early gelatioa This may comprise pH 
adjustment terrperature contrd, or other methods knmvn in the art In some applications, rt is also permissible to allow 
high votetiSty sdvent evaporation after getation. 

As desaibed above, the higher density glycerd-based gels (generally greater than atxuit .64 g/cc) can be aged arxl 
dried witfi little shrinkage, even without a solvent exchange. An unaged wafer may be placed in a small volume furnace, 
or a smal container, which can go on a hot plate. After an optional evacuation, the container is sealed at room temper- 
atura The container remairts sealed as the temperature is ramped up, quickly aging the film, and lowering the 
aging/drying fluid viscosity After suffident aging (possibly during the terrperature ramp), the gel is ready for drying. At 
temperatures near glycerd's boiling pdrrt. tfte glycerd v^cosity can t}e low enough (corrpared to the str^gth of an 
aged f3m d the predetermined porosity), that the glycerd in the firnace atn^osphere can t)e removed and the fflm 
directly dried. Note that in the most demanding low density appGcatkvs. a somewhat lower surface tension can be 
obtained by increasing the drying ternperature atx)ve the txxling point of glycerol. In these cases, the furnace needs to. 
withstand the pressure (most sub-critical drying situations can be hancSed with pressures under 1 to 3 MPa). Additk)n- 
aly, care needs to be taken that the glycerol in the furnace atmosphere is. especially at first slowly removed The glyc- 
erd in the furnace atmosphere may be removed, e g., by bleeding off the pressure, a vacuum punnp. or by sweeping 
the glycerd off with a ga& The furnace temp&Bture may t>e hdd constant or contirue to Ise raised wtvle the glycerd is 
being rernoved (the furnace nuy be ramped on up to the bake ternperature while sweeping the glyceird off with the gas). 
Whae some glycerol can be introduced during heating to minimize evaporation from the film, preferably the fumace vd- 
ume is low enough that evaporatkMi does not significantly reduce film tfuckness even without tfie introductfon of glycerd 
during heating. If a film requires supercritkal drying, pertiaps to eKminate 9m\ temporary shrinkage, it is preferade to 
use a CO2 solvent exchange as is wdl krrawn in the art. 

AHfiough the same stock eduticvis can be used for tMjIk aerogels as thin film aerogels, the processing is sut)stan- 
tiaDy (fifterent Wfth different stock sdutk>n mixtures, the tdlowHig example can be adapted to provkJe bdk gels with cfif- 
ferent porosrttes. In accordance with a bdk aerogd embodiment of the present mention, mix 208.0 mL TEOS. 61 .0 mL 
glycerol, 208.0 mL ett^d. 1 6.8 mL water, and .67 mL 1 M HNO3 and r^bix for 1 .5 hours at - 60^0 to form a stock sdu- 
1k>a Equivalentfy. mix .93 md TEOS. .84 md glycerd. 3.56 mol etharx)!. .93 md water, and 6.80E-4 HNO3 and 
refkix for 1.5 hours at - 60^0. This is typically stored in a refrigerator at ~ 7°C to maintain stability until usa The stock 
solution is preferably warmed to room temperature prior to pladng into moUs. After pouring into mdcte, the ethand, 
water, and acid is allowed to evaporate, but due to gtycerd's low volab'lrty. no substantial evaporation of the glycerol is 
occuning. This evaporation reduces the vdume of the stock sdution precusor sd and cortcentrates the sSica content 
of tie sd. It Is alkwade for at least some of the evaporation to occur before fOOng the nx}kl. This pre-fill evaporatkm 
might be especially useful if the configuration of the mdd does not lend itself to substantial evaporation after filling, such 
as a low exposed surface area mdd or a mold conf iguratton that is incompatible with shrinkage Although this evapora- 
tion is not required, it has several advantages, induding faster gelation without a catalyst and less shrinkage after gda- 
tion. 
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After this evaporation, the sol has an approximately known ratio of silicon to pore fluid at the gel point Thte ratio is 
approximately equal to the ratio of TEOS to i^cerol in the precursor mx (with minor changes due to remaining water, 
continued reactions and inckiental evaporation). As th» method largely prevents the gel from permanently collapsing, 
thte ratio determines the density of the aerogel that wBI be produced. If the sol does not gel durvig evaporatioa this sol 
5 win gel soon after substantially all of the water, ethanol. and acid has evaporated 

Altematively. one may catalyze the precursor with JSM amnfwnium nitrate before fining the mold. With this mixture, 
the sol typicany gels in minutes. Remove the wet g^ from the mdd and aOowthe ethanol and water to evaporate. Typ- 
ically, the gel win shrink during this evaporation. However, as with the other approaches, when the evaporation is sub- 
stantially compteta. the sol has an approximately known ratio of silicon to pore fiuui at the gel point This ratio is 
10 approximately equal to the ratio of TEOS to glycerol in the precursor rmx (with minor dianges due to remaining water, 
continued reactions and farKxJental evaporation). As this method largely prevents the gel from permanently collapsing, 
this ratio detenmines the density d the aerogel that wiU be produced. 

After gelatxxi. the w^ gel comprtees a porous solid and a pore fluid, and can preferably be allowed time to age at 
one or more controlled tennperatures. Aging may preferably be accompSshed by lettirtg the substrate and gel sit for 
IS approximately 24 hours at about 25** Cor by he^ir^ it to 130-150° C for about 5 minutes in a dosed container. These 
high temperature aging parameters are valid for a 5 mm dameter bulk aerogel. However, due to the wet geTs tow ther- 
mal conductivity, the high terrperature accelerated aging time and terrperature combinations are highly dependent 
upon the configuratfon of the bulk gel. 

After this initial aging, remove the gel from the nnoids and dry directly from the mother liquor (that is, the pore fluid 
20 remaining at tfie end of aging, with no solvent exchanges for aging or drying). A slow ramp to and hold at at)out 500** C 
will dry the gel. 

Instead of dryoig directly from tt)e mother fiquor. it may be preferable, particularly with higher porosity gels, to per- 
form a solvent exchange. This solvent exchange nray k>e carried out as a one or two st^ process. The first step 
replaces the agirig fluid with an intermecfiate arxi tfie second step preferably replaces the interrr^ate ftuki with a tow 
2S surface tension drying fluid such as heptane In this method. It is preferable to remove the gels from the molds and place 
it in sealed tubes containing ethand and alfow a pore fMdexcharrge for 8 hours at 50 deg^ 

inten/al. rinse the gels with ethanol and then store in fresh ethanol in an oven at 50 degrees C. After three to six such 
int^vals. replace the ethanol with hexane in a similar rmnner. This solvent exchange met^Kxi allows us to remove 
nearly all the glycerol-Gontaining ftuid before drying. The drying fluid (heptane in this case) is finally allowed to evapo- 
30 rate from the wet gel. forming a dry aerogel. H the film can be satisfactoray dried from a liquid that is soluble with the 
aging fluid, the intermediate nray not be required. In many cases, the wet gel can t>e dried directly from ethanol, or other 
suitable sotvent 

After drying, it is oft&i preferable to t>akB the aerogel for a short time (such as 300" for 15 to 60 minutes) to he^ 
remove any residual materials, such as orgarncs, that are in or on the aerogel. In some applications, it is also desirable 

35 to dehydroxylale (anneal) the dried gel. This may be dorre tTy placing the dry aerogel in a dry atmosphere comprising a 
surface nxxfiTicatfon agent such as trimettiytchlorosSane (TMCS), hexamethykftsilazane (l-IMDS), or hexaphenyldisila- 
zane vapor. The KMDS win replace nruch of the water arvl/or hydroxyls bound to the dried geTs pore surfaces witfi 
methyl groips. This replacement can be performed at room tempa^ature. or warmer. This replacement can not only 
remove water andfor hydroxyls. it can also render the dried get hydrophobic (water repelling). The hexaphenykiisilazane 

40 will also renrtove water and/or hydroxyls arxi render the dried gel hydrophobic However, the phenyl groups have a 
higher temperature stat>aity than the methyl groups. 

In accordance with an ethylene glycol-based embodiment of the present invention, mix tetraethoxystlane (TEOS). 
ethylene glycol, ethanol. water, and acid (1M HNQ3) in a nrx)lar ratio of 1 : 2.4 : 1.5 : 1 : 0.042 and reflux for 1.5 hours 
at ~ 60*^. After the mixture is allowed to cool, the sdutkxi is diluted down with eiharol to a composition of 70% (by 

45 volunne) original stock solution and 30% (by volume) ethanol. This is mixed vigorously and typically stored in a refriger- 

atorat^TKltam^gaii^pt^it^untpu^^ « Lqq^ n 

ture ofetodcG^lutron and 0:2ShoJH^O>la$mly^O Ort voTume ratio) s tattoined and mixed. 3-5 mL o^'ms precureor ^ 
sol may be cfispensed at room temperature onto substrate 10, which is then spun at 1500 to 5000 rpm (deperxfing on 
d^ed film thicteiess) for about 5-10/secQfKte to^ferm eoJ ftsi film- 14. The dspos-^tkm can be perfermed ai an sfenos- _ 
Q a pso aphere that'is unooitrolled^owever, it is QE^erabl^ toSlepositdnd ^ the sd in a cftan room with stslndard l^imidity — 8 
controla During and after this deposition and spirmirtg. the ^hanolAvater mixture is evaporating from film 14, but due 
to ethylene glycol's tow volatility, no substantial evaporation of the ethylene glycol is occuning. This evaporation shrinks 
thin fSm 14 and concentrates the silica content of the sol fmming reduced tNckness film 18. Figure 12B shows a 
reduced tNckness sol fBm 1 8 obtained after substantially lOl (about 95% or more) of the ethanol has been rennoved. This 

55 concentrating, combined with the catalyst typk^ally causes gelation with^ 

Rtm 18 has an approximately known ratto of srfioon to pore fluid at the gel point This ratio is approximately equal 
to the ratio of TEOS to etl^^e glycol in the as-deposited sot (with minor changes due to remaining water, continued 
reactions and incidental evaporation). To the extent that the gel is prevented from cdtapsing. this ratio will detennine 
the density of the aerogel film that will be produced from the sol thin film. 
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After gelation, the thin fOm wet gel 18 conprises a porous solid and a pore fluid, and can preferably be aOowed tone 
to age at one or more controlled temperatures, 6.g.. about a day at room temperature, ft should be noted that the pore 
fluid changes somewhat during processing. These changes may be due to continued reactions and/or evaporation/con- 
densation. Aging may preferably be accomplished by letting the de^ce sA in a low votunra aging c^nnber for approxi- 
mately 5 minutes at about 100 degrees C. 

Aged film 1 8 nay be dried without sitetantial densffication by one of several methods, including supercrttical f Md 
extraction, or a sotverrt exchange followed t>y air drying. Howe/er. it is preferable to air dry the film 18 from the aging 
fluid, as descrft>ed in the third glycerol embodiment The nanoporous dielectric can then be subjected to a post-dry bake 
andAM" a surface OKXfif ication. as descrft)ed in the first glycerol enrtof im&it 

In accordance with another ethylene glycol-based errbodiment of the present mention, mix tetraethoxysilane 
(TEOS). ethylene glycol, water, and ackl (1M HNO3) in a molar ratio of 1 : 4 : 1 : 0.042 and reflux for 1 ,5 hours at - 
GSrC This is typicaDy stored ma r^gerator at « 7°C to maintain slabifity until use. The solution is preferably wanned 
to room temperature prior to fOm deposition. 3-5 mL of tNs precursor sol may be dispensed (without catalyst] at room 
temperature onto substrate 10. which is then spun at 1 500 to 5000 rpm (dependng on desired film thickness) for about 
5-10 seconds to form sol thh film 14. The deposition can be perfonmed in an atnrx^sphere that is uncontroOed. Howe/er. 
rt is preferat)le to deposit and gel the sol in a dean room wfth standard humidity controls. Durir)g and after this deposition 
and spinning, ethanol and water is evaporating from film 14. but due to ethylene glyooTs tow volataity; no substantial 
evaporation of the ethylene glycol is occurring. This evaporation shrinks thin film 1 4 and concentrates the sQica content 
of the sol forming reduced thickness film 1 a Rgure 1 2B shows a reduced thickness sd f 3m 1 8 obtained after subslan* 
tially all (about 95% or more) of the water has been removed. This concentrating typicaBy causes gelation within min- 
utes. 

After gelation, the thin film wet get 1 8 comfMises a porous solid and a pore fluid, and can preferably be aDowed time 
to age at one or more controlled temperatures. e.g.. about a day at room temperatura ft should be noted that the pore 
fluid changes somewhat during processing. Agirtg may preferably be accomplished by letting the device sit in a low vol- 
ume aging channber for approximately 5 minutes at about 100 degrees C. 

Aged film 18 may be dried without substantial densificatkm by one of several methods, including supercritical fluid 
extraction, or a solvent exchange followed by air drying. HcNvever. it is preferable to air dry the film 18 from the aging 
fluid, as described in the third glycerol entedimenl The nanoporous dielectric can then be subjected to a post-dry bake 
and/or a surface nrKxfification. as descrS^ed in the f irst glycerol embodiment. 

The d^cussion to this point has shown some of the advantages of aghng in a dosed contain^'. Since suitable aging 
chambers do not seem to exist, we will describe the chamt)ers we have invented to implement this process. One 
ennbodiment of a^ container is iDustrated in Rgures 16A, 16B and 16C. tn this embodment a processing apparatus 
comprises a body 20, having a substantially planar plate 22 wfth a resilient seal 24 attacfied thereto. Plate 22 need only 
be planar to the extent necessary to provide dearance with a tNn f Bm during operation, and may be constructed of any 
material compatble with the underlying process (e.g., semkxKiductor fabrication), although materials with high tfiermal 
conductivity, such as stainless steel, glass, or aluminum are preferred. Resilient seal 24 shoidd preferably be designed 
to withstand wet gel processing temperatures and pore fluids; many suitable nnaterials, including TEFLON- and neo- 
prene-based materials, are known to those of ordinary skill in the art Depending on the nature of temperature control 
used in the apparatus, ft may be preferable to have seal 24 be either substantially thermally insulating or thermally oor>- 
ductive. 

In operation, t)ody 20 may simply be rested on a substrate 26. as shown in Rgure 16C. This suk>strate may be an 
optical sii>strate^ such as glass or plastic or a semiconcbictor sufcsstrate. such as a Si wafer. In this embodiment seal 
24 functkxis both as an atmospheric seal and as a spacer which sets the volume of chamber 32 formed by sut^strate 
surface 28. chamber surface 30 arxl seal 24. For example, seal 24 may be designed to compress to a thickness of about 
1 mm under the weight of plate 22. thusaeating chanri>er 32 with a 1 nvn height when txxfy 20 is placed on substrate 
26. For many thin film appfications, chantser 32 need only be substantially sealed, as some smaO degree of vapor leak- 
age over the course of processing sut>strate 26 wiD not appredaUy affect the final film properties. 

Body 20 finds appBcaticn at many points in an aerogel thin f9m process, ft may be used to iimtt evaporation before 
a sot tarn has gelled, as an aging chamber for wet geA thin films, as a storage or transport chamber for such films, or as 
a drying diamber. In aR of these appfications. it is recognized that both sol and gel thin fifams contain extremely smaO 
anDounts of liquid, such that a chamber of limited volume is necessary to prevent suhfitantial evaporation from the film. 

In another wrtxxfimert, body 20 may cwnprise mote elements, as shown in Figiares 1 7A and 1 7a In this embod- 
inoent, body 20 additfonalty conprises a substrate holder 36 and substrate temperatire control means 34. THs embod- 
iment shows the addittonal aspect of a seal 24 located outboard of the substrate (or in some cases seal 24 may even 
be dieted), such that a thin fim way be formed on the entirety.of substrate surface 28. When chanter 32 is dosed, 
planar plate 22 and wafer holder 36 may be thermally coupled such tfmt temperatu-e control means 34 may be used to 
simultaneously regulate the temperature of body 20, substrate 26 and chamber 32. 

In another embodimait shown in Rgures 1 8A and 18B, seal 24 provides some degree of thennat isolation between 
planar plate 22 and wafer holder 36. This allows temperature control means 34 to control substrate temperature, while 
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separate terrperature control means 38 are used to control planar ptate temperatura Such an entodment may have 
an advantage for drying a wet gel f im, as the temperature of planar plate 22 can be selectively towered to promote con- 
densation on chanrter surface 30. 

Rgures 19A, 19B and 19C show additional aspects of these agpng chairbers. For example, in Rgure 19A. sub- 
strate 26 is shown being processed in an inverted position. In tWs embodiment accidental or purposehil condensation 
onto channber surface 30 may be collected without the possbiBty of such conctensation dropping onto substrate surface 
26. In Figure 1 SB, not only is substrate 26 processed inverted, but a first solvent layer 42 (preferably of the same com- 
position as at least one pae fluid) is dfepensed, e.g.. from a first solvent supply tube 40, onto chamber surface 30 prior 
to dosing the d^amber. In this embodiment \a^& 42 may be used to help saturate the processing atmosphere, resulting 
in less evaporation of pore fluid from sut>strate 26. 

In Figure 19C, an embodiment is shown wherein some atmospheric adjustment means 44 is connected through at 
least one port 46 (which may be doseaNe) to chamber 32. Atmospheric adjustment means 44 may be used to create 
a vacuum or to overpressure chamber 32 as appropriate, or to exchange the atmosphere in chant>er 32, or to supply 
a pore fluid vapor to chamber 32. This embodiment may be used, for example, to age a thin film at a temperature higher 
than the boHtng point of a pore fMd. by operating charrber 32 at above atmospheric pressura This embodiment may 
also be used to remove at least a portion of the pore fluid vapor from chanter 32 after aging, thereby allowing the thin 
film to dry. • 

Although this invention has been described in terms of several embodiments, many of these steps may be modified 
within the scope of the invention, and other steps can be induded to enhance the ov^aD process. For example, the ini- 
tial thin film may be deposited by other comnton methods, such as d'p-ooating, flow coating, or spray-coating instead of 
spin-coating. Ltowise. fhe solvent exchange may use dip coating, spray coating, or imm^on in a liquid or vaporous 
solvent instead of spin-coating. When using a vaporous solvent the wafer may be cooled to a temperature lower than 
the atmosphere, thus promoting condertsation on the wafer. While water might otherwise be considered a solvent in 
such a process, for discussion purposes in this application, water is not considered a solvent 

Although both glycerd and e%lene glycol each have unique advantages, there are other low volatirfty solvents that 
can be useful in low shrinkage nanoporous dielectric f^cation. Although it is preferable to analyze a sdvent to deter- 
mine its expected evaporation rate, a preliminary preference on the selection of the lew vdatOity solvent can be made. 
Nearly all solvents that have a low evaporation rate at room temperature win have a boiling point greater than 140* C. 
Although some solvents with boding points less than 1 40*" C may be useful, a preferred evaporation rate wiD typically be 
found with solvents that have a boiling point greater than 1 60^" C. and more preferably greater than 1 SO"* C. Solvents 
v^th boiling points greater than 230*" C may also have low enough evaporation rates to be suitable for deposition and/or 
aging with little atnx)sphericcontrd far short p»iods of time at 40-80** C. For processing at 100-150** C with little atrTX)s- 
pheric conlrd. it is preferable to use solvents with boiling points greater than 270* C. This gives some rough preferences 
on the lower lirrvt of prelened boiGng points. There are also rough preferences on the tqpper frnitt of preferred bdling 
points. Most solvents vnlh boiling points greater than 500* C will be so viscous that they require extra care during 
processing. TyptcaUy, the more i^ful solvents will have txxling pdnts less than 350* C, and^eferably less than 300* 
C. If it is not convenient to dilute or heat the sol during deposition, it may even be preferable to use a low votatHity solvent 
with a boifing pdnt less than 250* C. If no one solvent gives all the desired properties, two or more may be n^ed to 
iirprove the performance. Thus, our nitial preliminary preference on the selection of the tow vdat^ solvent is a boiling 
point in the 1 75-250* C rartge and (for TEOS based gels) that it be miscible with both water and ethanol. Based on these 
preliminary preferences, some suitat^le low votatifrty solvent candidates besides glycerol and ethylene glycol are 1,4- 
butylene glycd and 1 ,S-pentanediol. 

If it is convenient to do the deposition and aging above room terrperature, this operts up additional possibilities. 
One modification would be to use a sotverrt that is not a liquid, but a solid, at room temperature. This allows th e potential 
use of many more materials. Many of these higher meltnng pdnt materials have even lower volatility than the tow vda- 
tility 'room temperature liquid solvents" (liquid solvents) have at dervated deposition and aging terrperaturea Although 
there is no required upper melting point temperature, process simpGdty indicate that these "room temperatiffe solid 
solvents" (solid solvents) should have melting pdnts less than 60 degrees C. and preferably less than 40 degrees C. An 
additional desirEd)le feature for a potential soGd sdvent is that it readily sdidrfy to an amorphous phase. This amorphous 
eoGc£f ication woukl reduce the chance of gel damage during an accidental cooling. Additionall>; this might allow the sd- 
vent to be removed by freeze drying. An altemative approach to maintaining the precursor temperature above the melt- 
ing pdnt of a solid solvent is to dissoh^ the sdid sdvent in a earner Hquid. TNs earner liquid can t>e water, alcohol, or 
any other liquid typically used in thin film aerogelterogd processing. The carrier liquid could also be a compatible fiquid 
introduced only as a carrier. 

The surprisingly good behavior of glycerd and ethylene glycd give some dues to other preferred soKrents. We 
have identified several solvents that may give properties slightly dfferent than either ethylene glycd or glycerol, yet still 
retain many d their advantages. The most promising additional solvents indude 1,2.4-butanetrid; 1.2,3- butanetrid; 2 
methyt-propanelrid: and 2-piydroKymethy!)-1,3-propanedid; 1-4, 1-4, butanedd; and 2-methyl-1.3-propanedid. Other 
pot&itial solvents Indude the polyols. either alone or in combination with ethylene glycd. glycerd. or other solvents. 
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This use of a low volatilfty solvent aHows a loosening of the required atmospheric control during deposition, gela- 
tion, and/or aging. TKs is t>ecause. that even though saturation should stR preferably be avoided, the atmospheric sol- 
v&it concentration can be Icw^ed without excessive evaporation. TNs wider concentration window can be used to 
allow wider variations in tenperature across the deposition chamber (especiaOy near the wafer and any et^rative 

5 cooltng effects). An initial goat is to allow at least a 1 degree C temperature variation. Thus, the vapor concentration of 
the low volatility solvent in the atmosf^e should be such that the condensation temperature (analogous to dew point) 
of the solvent vapor is at least 1 degrees Celsius less than the tenperature of the substrate. Actually, the critical item is 
the surface of the deposited sol and/w gelled sd. However, the thin fSm nature of the sol keeps the temperature differ- 
ences be^een the sol and the sid>strate small Since it is may be much easier to measure the substrate tenrperature. 

10 these two temperatures win be used ffiterchangeat3ly in this patent Even though 1 degree C temperature uniformity 
may be obtainable under some conditions, volume production w91 probably require at least a 3 degree C tolerance win- 
dow, and preferably a 10 degree C tolerance window. However, the ultimate goal is to deposit gel, and age in an uncon- 
troled or a sii^s^ntialty uncontrolied atmosphere. In tiiis most prefened approach (a substantially uncontrolled 
atmosphere), atmospheric controls durirtg deposition, gelation, and a^g are fimited to starviard deanroom tempera- 

75 ture and humidity controls, although the wafer and/or precursor sol may have independent tenperature controls. If this 
substantially uncontrolled atmosphere aDcws excessive evaporation, then either p^sive or less prefembty, active 
atmospheric controls may be needed For the purposes of this appBcatioa passive controls are limited to the placing 
the wafer in a retativ^y smaQ container. This container may be partially or fully sealed and may or may not also contain 
a Gquid reservoir of the solvent However, th6 container will not have exotic environmental controls for the wafer, con- 

20 tainer atmosphere, and/or reservoir. 

Another example of mocfification to the basic method is that before drying (and generally, but not necessanly, after 
aging), the thin fBm wet gel 18 may have Hs pore surfaces mocfified with a surface mocfification agent This surface mod- 
ification step replaces a sii)stantial nunnber of the nx)lecules on the pore walls with those of another species. If a sur- 
face modifier is appfied, it is generally preferable to remove the water from the wet gel 1 8 before the siffface mocffier is 

25 added. The water can be removed by rinsing the wafer in pure ethand, preferably by a low speed spn coating as 
described in the solvent exchange in the first embodiment example. This water removEil is b^efidal, because water will 
react with mariy surface modification agents, such as HMDS; however, ft is not necessary. With our new gJycwol-based 
method, surface modif kation need not be performed to he^ prevent pore collapse, but it can be used to innpart other 
desirable properties to the dried gel. Some examples of potentially desirable properties are hydrophobicity, reduced die- 

30 lectric constartt increased resistance to certain chemicals, and improved temperature stat^aity. Some potential surface 
mocfifiers that may impart desirable properties include hexamethyldisilazane (HMDS), the alkyt chlorosllanes (trimeth- 
ylchiorosilane (Tl^CS). cfimethytdichtorosilane; etc.). the alkylalkaxysaanes (trimethylmethoxysilane; dimethykfimethoix- 
ysilanoi etc), phenyl compounds and Ruorocartxm compounds. One useful phenyl compound is haxaphenyldisitazane. 
Some otiier useful phenyl conpounds wilt typically foltow the baste fornula. PhxAySiB(4.x.y} . where, Ph is a phenolic 

35 groifx A is a reactive group such as CI or OCH3. and B are the remaining Ggands which, if there are two, can be the 
same group or cfifferent. Some exarrples of these phenyl surface modification agents include conpounds with 1 phe- 
noBc groip such as phenyltrichlorosilane. phenyltrifluorosilane, phenyltrimethoxyslleffie, phenyttriethoxysilane; phenyl- 
nwethytchlorosilane, ^enylethykfichlorositane, phenyldimWiylethoxy&ttoe. phenyldimetiiylchlorosilane. 
phenykfichlorosnane. phenyl(3-chloropropyt)dlchlorosilane, phenylmethylvinylchlorositane, phenethyldimethytchlorosl- 

40 lane, phenyltrichlorosilane, phenyttrimethoxysilane, phenyttrrs(trimethylsilaxy)si]ane. and phenylallyldichlorosilane. 
Otho- examples of these ph^iyl surface modffication agents indude compounds with 2 phenolic groups such as dphe- 
nyldtehlorostlane. diphenytchlorosilane, cfiphenytfluorosilane. dphenytmethytchlorosilane. diphenylethylchlorosilane, 
diphenyUimethoxysilane, diphenylmethOKysilane. diphenylethoocysilane. dphenytmethylmethoxysilane, dtphenylnteth- 
yletixs^lane and c^henylcGethaxystlan& These phenyl surface modrication agents also indude compounds with 3 

45 phendic groups such as trphenytcNorosaane. triphenytflourosaane. and triphenylethoxysilana Another inportant phe- 
nyl conpound. 1.3-diphenyltetramethyldi6aazane. is an exception to this basic formula. These lists are not exhaustive, 
but do convey the basic nature of the group. The useful f bx)rocartx>n based surface modiftcation agents indude (3,3,3- 
triftuoropropyt)trimethQxystlane), (tridecafluoro-1,1.2.2-tetrahyctooctyl)-1dimethytchlofs3ane. and other fluorocaitx>n 
groups that have a reactive group such as CI or OCH3. that wilt form covalent bonds with a hydraxyl group. 

so The paragraph atxve lists some of the typical useful properties for many conventional applications. However, th^e 
are otfier potential applications for nanoporous dielectrics and aerogels that may have different desirable properties. 
Exanples of some potentially desirable properties indude hydrophBicity. increased electrical conductivity, 
increased dielectiic tveakdown voltage, ra-eased or decreased reactivity with certain chemk:ats, and increased vda- 
taity This list is not exhaustive However, it shows that depending ipon the application, many cfifferent types of proper- 

55 ti95 may be desirable Thus, it is dear that n^any other materials that will form covalent bonds with hydraxyl. groups are 
potential surface mod^ers that may impart other potenttalty desirable properties. 

This invention also comprises the use of gelation catalysts, such as anvnonium hydroxkJe. This also includes tiie 
aOowance of other gelation catalysts in place of the ammortium hydroxkie and/or for th gelation catalyst to be added 
after deposition. Typically, these alternate catalysts nKxdify the pH of the sd. It is preferable to use catalysts that raise 
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the pH, although ackJ catalysts can be used. Typically, acid catalysis results in longer processing tim^ and a denser 
didectric than a base catalyzed process. Some exanples of other preferred gelation catalysis include ammonia, the 
volatile annine species (low molecular weight amine^ and volatile fluorine species. When the catalyst is added after 
deposition, it Is preferable to add the catalyst as a vapor, mist or other vaporish fonm. 

This invention allcws production of nanoporous dielectrics at room temperature and atmospheric pressure, without 
a separate surface modification step. Although not required to prevent substantial denstfication. this new method does 
not exclude the use of supercritical drying or surface modification steps prior to drying. To the extent that the freezing 
rates are fast mugh to prevent large (e.g.. 50 nm) crystals, it is also corrpattble with freeze drying. In general, this new 
method is compatible with most prior art aerogel techniques. 

Other examples of modifications involve the reaction atmosphere and/or temperatura Also coating and gelation 
need not be perfonned in the same chamber or even inthesameatmosphera For instance, the substrate may have its 
temperature lowered to retard gelation or elevated to speed surface modfftcation and/br gelation. Also, total pressure 
and/or temperature may t>e varied to further control evaporation rates and/or gel time. Elevated temperature processing 
is typically perfDrnrad at no less than 40^C; however, 50^0 is preferred, and 70^ is wore preferred. When working at 
elevated terrperatures. care should be taken (e.g., the partial pressures in the reaction atmosphere should be high 
enough) to prevent solvent bdlbig. 

Although TEOS has beoi used as a representative example of a reactant other metal alkoxides may be used 
either alone or in combination with TEOS or each other to form a silica network. These metal alkoockles include tetram- 
ethoxystlane (TMOS). methyltriethoxysBane (h^OS), 1,2-BisprimethoKysilyOethane (BTMSE), combinations thereof, 
and other silicon-based metal altaxkies kru3wn in the art A sol may also be formed from alkoxides of other metals 
known in the art such as aluminum and titanium Some otiier precursor sols known in the art include particulate metal 
oxides and organic precursors. Two representative particulate metal oxkies are pyrogenic (fumed) sifica and colkndal 
silica. Some repres»fitative organic precursors are melamine, phenol furfural, and resordnol. In addition to atterr^e 
reactants. alternate solvents may also be used. Some examples of prefened alternates for ethar^ are methanol arxi 
the oth^ higher alcohols. Other acids may be used as a precursor sol stabBizer in place of the nitric acid. 

An adcfitiortal mocfification is to aDow arxi/or promote the fomBtion of moderate sized (15 to 150 nnnomers per 
molecule) oltgomers in the precursor sol. TTiese larger oligomers may speed the gelation process in the deposited sol. 
A sol containing targe oligomers may have a higher viscosity than a sol with smaO oligomers. However, as long as the 
viscosity is stable, ttiis higher viscosity can be comp&)sated by methods known in the art such as adjusting solvent 
ratios and spin conditions. To help achieve this desired stable viscosity, the oligomerization may need to be slowed or 
suksstantialty halted before deposition. Potential methods of pronDoting ofigomerization might indude heating the precur- 
sor sol, evaporating solvent or adcfing small amounts of a gelation catalyst such as anvnonium hydraxide> Potential 
methods of retancfing oligomerization might include coolhg the precursor sol, diluting the sol with a solvent or restoring 
the precursor sol to a pH that minimizes condensatk>n and gelation (Nitric add coukJ t>e used in conjunction with the 
ammonium hydroxide exemp&fied above). 

Attfioi^ the present invention has been described vnth several sample errtedtments. varkuis changes and mod- 
if icatiors may be suggested to one skilled in the art is intended that the present invention encompass such changes 
and modifications as faO within the scope of the appended claims. 

aaims 

1 . A metahbased nanoporous aerogel precursor sd. comprising 

an aerogel precursor reactant, and 

a first solvent comprising a polyol: wherein, 

the nnlar ratio of said first solvent molecules to the ntetal atoms in said reactant is at least 1 : 16. 

2. A metal-k>ased aerogel precursor sol, cofT9>ri5ing 

an aerogel precursor reactant selected from the group consisting of metal alkoxides, at least partially hydro- 
lyzed ntetal alkoxides. participate metal ooddes, and combinations thereof, and 
a first solvent comprising a polyol; wherein, 

the nrK>lar ratio of said first solvent molecules to tfiernetal atoms in said reactant : 16. 

3. The aerogel precursor sd according to Claim 2, wherein 
said polyol is glycerol. 

4. The aerogel precursor sol according to Claim 2, wherein 

the molar ratio of said first solvent molecules to the metal atoms in said reactant is no greater than 12:1. 
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5. The aerogel precursor sol acconfing to Claim 2, wherein 

the nr)olQr ratio of said first sohreritTOlecules to the rn^ : 2 and 12 : 1. 

6. The aerogel precusor sd acconfing to Claim 2. wherein 

s the molar ratio of said first solvent molecules to the metal atons in said reactant is between 1 : 4 and 4 : 1 . 

7. The aerogel precursor sol aocoicGng to Claim 2. wherein 

the molar ratio of said first solvent molecules to the metal atoms in said r^ctant is between 2.5 : 1 and 12 : 1. 

10 8. The aerogel precursor sol accoicGng to Claim 2, wherein 

said reactant is a metal aikoodde selected from the groxsp consisting of tetraethoxysilane; tetramethaxysilane, meth- 
/ttrtelhoxysHane, 1 H2-Bis(trimethcocysilyl)ethane and connbinations thereof. 

9. The aerogel precusor sol according to Claim 2, wherein 
75 said reactant is t6traethcxysilan& 

IOl The aerogel precursor sol according to Claim 9, wherein 
said t etraethoxysBane is at least partially hydrolyzed. 

20 11. The aerogel precusa sol aocorcfing to Claim 2, further comprising 

water. 

1 2. The aerogel precursor sol accorcfing to Claim 2, wherein 
25 said fcrst solvent is ethylene glycol. 

1 3. The aerogel precursor sol aocorcfing to Claim 2, further comprising 

a second solvent 

30 

14. The amgel precursor sol accorcfing to Claim 13, wherein 
said secorxJ solvent is an alcohol. 

15. The aerogel precursor sol aocorxfing to Claim 13, wherein 
35 said second solvent is ethanol. 

16. The aerogel precursor sol according to Claim 2. further compristng 

a pH modification agent. 

40 

17. The aerogel precursor sol accorcfing to Claim 2. furth^ comprising 

an add. 

4S 18. The aerogel precursor sol according to Claim 17, wherein 
said add is nitric add. 

19. The aerogel precursor sol aocorcfing to Claim 2, wherein 
the pH of said sol is between 3 and 5. 

50 

20L The aerogel precursor sol according to Claim 2, further comprisirtg 

a gelation catalyst 

55 21. The aoogel precirsor sol according to Claim 20, wherein 
said gelation catalyst is ammonium hydraxide. 

22. The aerogel precursa sol accorcfing to Claim 20, wherein 
the pH of said sol is between 7 and 9. 
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2X The aerogel precursor sol accorduig to Claim 2. wherein 
the viscosity of said sol is betweeri 1 arKi 12 certtipoise. 

24. The aerogel precursor sol according to Ctaim 2. wherein 
the viscosity of said sol is between 1 and 5 centipoise. 

25. The aerogel precursor sol accorcBng to Claim 2. wherein 

said reactant is selected from the groip cmsisSng of pyrogenic sinca, colloidal sIGca. and oomt)irtations thereof. 

26. An aerogel precursor sol, conprising 

At least parttalty hydrolyzed tetraethoxystlane and elhytene glycol. 

27. The aerogel precursa sol accorcfing to Claim 26. wherein 

the molar ratio of ethylene glycol to tetraethoxysilane is between 1 : 16 and 12 : 1. 

28. A siDcon-based aerogel precursor sol. comprising 

a silicon based aerogel precursor, and 
a first solvent comprising a potyol; wherein, 

the nriolar ratio of said first solvem molecules to the siTicon atoms in ^ : 16. 

29. The aerogel precursor sol accorcfing to Claim 28, wherein 

the molar ratio of said first solvent molecules to the meial atoms in said reactant is no greater than 12 : 1. 

30. An aerogel precursor sol. conrprising 

at least partially hydrolyzed tetraethoxysiiane and glycerol 

31. The aerogel precursor sol according to Ctaim 30, wherein 

the molar ratio of glycerol to tetra^ioxysilane is between 1 : 16 and 12 : 1. 

32. The aerogel precursor sol according to Claim 30. wherein 

the molar ratio of glycerol to tetra^hoxysilane is between 1 : 4 and 4:1. 

33. A rvsn-supercritical method of forming a nanoporous aerogel* said method comprising the steps of: 

providing an aerogel precursor sol, said sol comprising an at least part^ly hydrolyzed metal alkoxide dis- 
persed in a first solvent and a second solvent. 

evaporating substantially all of said second solvent wNle preventing substantial evaporation of said first sol- 
vent and allowing the sol to create a gel, wherein the gel corrprises a porous solid and a pore fluid; 
continuing to prevent substantial evaporation of said frst solvent from said sol until a drying step, 
wherein said drying step comprises forming a dry aerogel by removing the pore f liid in a non-supercritical dry- 
ing atmosphere without substantial collapse of the porous soDd; 

whereby the skeletal density of the dry aerogel is drtermined approximately by the volume ratio of said metal 
alkoxide to sakJ first solvent in said aerogel precursor sol. 

34. Themethodcf d^m 33. wherein said gel is aeated before said evaporatirig step co^ 

35. The method of claim 33. wherein said drying step further comprises a solvent exchanga 

36. The method of claim 33, further corrprising aging said gel before said drying step. 

37. A non-supercritical ntethod of formrtg an aerogel film on a substrate, said method corrprising the steps of: 

depositing a film of an aerogel precursor sol on a substrate, saki sol comprising a first solvent and a second 
solvent: 

preferentiaUy evaporating substantially ail of said second solvent from said fDm; and 

alfowing said deposited sol to aoss-ltnk to form a wet gel having pores arranged in an open-pore6 structure on 
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said substratB. 

38. The method of daim 37. wherein said secomlsoh^con^ 

a reaction product of said cross-Gnking step. 

39. The method of daim 37, wherein said second solvent has a vapor pressure which is at least twice the vapor pres- 
sure of said first soiveni 

40l The m^hod of daim 37, wherein said depositing a thin film step comprises spin-coating said aerogel precursor sol 
onto said sut)strate. 

41 . The method of daim 37, further comprising drying said wet gel in a norv-supercrilical atmosphere without substan- 
tial densification of said open-pored structura 

42. The method of daim 37, wherein said wet gel is formed before said evaporating step conrpletes. 

43. The method daim 37. further comprising aging said wet gel without substantial evaporation of said first sdvent 

44. Anon-sipercriticaInfiethodforfornrvngatNnfitmaerogelonasemu»^ 
steps of: 

a) providBng a semicorKluctor substrate oonprising a microeiecbrontc drcurt; 

b) depositing an aerogel precursor sol tspan the substrate; wherein the aerogel precursor sol comprises 

a metal-based aerogel precursor reactant 
a first solvent comprising glycerol, and 
a seooiKl solvent; whereia 

the nralar ratio of the molecules of the glycerol to the m^ atoms in the reactant is at least 1:16. 

c) allowing the deposited sot to aeate a gel. wherein the gel comprises a porous solid and a pore fluid; and 

d) forming a dry aerogel tjy removing the pore fluid in a norvsipercriticat drying atmosphere. 

45. The method of daim 44, >^)erein the first solvent also comprises a polyd. 
4€. The metfKxi of daim 45, wherein the polyol is a glycol. 

47. A non-sipercritical nr>elhod for forming a thin film nanoporous cfielectric on a semiconductor s u bstr at e, the method 
corrprising the steps of: 

a) pravicfing a semiconductor sufc>strata oonprising a microelectronic drcurt: 

b) depositing an aerogel precursor sol upon the sid>strate; 
wherein the aerogd precursor sd comprises 

a metal-based aerogel precursor reactant. and 
a first solvent corrprising glycerol, and 
a second solvent; wherein, 

the molar ratio of the molecules of the glycerol to the metal atoms in the reactant is at least 1:16. 

c) allowing the deposited sol to create a gel. wher^n the gel comprises a porous solid and a pore fluid; and 

d) forming a dry. nanoporous dielectric by removirtg the pore fluid in a non-sipercritical drying atmosphere. 

48. A non-sipeicritical method for forming a thin film narxsporous dielectric on a semiconductor substrate, the method 
comprising the steps of: 

a) providing a semiconductor substrate corrprising a niiaoel^;tronic drcuit; 

b) depositing an aerogel precursor sol upon the substrate; 
wherein the aerogel prearsor sd comprises 
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an aerogel precursor reactant selected from the group consisfing of metal alkoxides. at least partialty 
h^olyzed 

metal alkoxides, particulate metal oocides, arxj combinafiors thereof, and 
a first solvent conprising glycerol; wherein. 
5 the molar ratio of the molecules of the gtycerol to the metal atoms in the reactant is at least 1:16. 

c) allowing the deposed sol to aeate a gel. wherdn the gel comprises a porois solid and a pore find; and 

d) forming a dry. nanoporous dietectric by removing the pore fluid without substantially collapstng the porous 
solid: 

10 wherein, 

the forming step is performed in a drying atmosphere, and 

the pressure of the drying atmosphere during the forming step Is less than the critical pressure of the pore 
fluid. 

IS 

49. The method of daim 48. wherein the molar ratio of the molecules of the glycerol to the metal atonr« in the reactant 
is no greater thani 2 : 1 . 

50. The method of claim 48. wherein the motar ratio of the nv>lecules of the glycerol to the metal atoms in the reactant 
20 isbetween 1 : 2and 12 : 1. 

51 . The method of claim 48, wherein the molar ratio of the molecules of the glycerol to the metal atoms in the reactant 
IS between 1 : 4 and 4:1. 

25 52. The nriethod of daim 48. wherein the riiolarralfo of the molecules of the glycefd to the me^ 
is between 2.5 : 1 and 12 : 1. 

53. The method of claim 48. wherein the narK)porous dielectric has a porosity greater than 60% and an average pore 
diameter less than 20 nra 

30 

54. The method of daim 48, wherein the rtanoporous dielectric has a dielectric constant less than 2.0. 

55. The method of daim 48. wherein the nanoporous dielectric has a delectric constant less than 1.8. 

35 56. The method of daim 48, wherevi the nanoporous dSelectric has a dielectric constant less than 1.4. 

57. The method of daim 48. wh^ein the temperature of the substrate during the forming step is above the freezing 
temperature of the pore fluid. 

40 58. The method of daim 48, wherein the temperature of the substrate during the fomning step is above the freezing 
temperature of the pore fluid, and 

whereia the niethod does not comprise the step of adc^g a surface modification agent before the fonming step. 

59. The method of daim 48. wherein the temperature of the substrate during the fbnning step is.above the freezing 
45 temperature of the pore fluid, and 

the nanoporous dielectric has a porosity greater than 60% and an average pore diameter less than 20 nm; 
wherein, the method does not comprise the step of adding a surface rrxxi^cation agent before the forming 
step. 

50 

60. The method of claim 48, further comprising the step of aging the gel. 

61. The method of daim 60. wherein at least part of the aging step is performed in a sut>stantially dosed container. 
55 62. The method of claim 60. wherein the temperature of the gel during the aging is greater than 30 degrees. C. 

63. The method of claim 60. wherein the temperature of the gel during the aging is greater than 80 degrees C. 

64. The method of claim 60. wherein the temperature of the gel during the aging is greater than 130 degrees C. 
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65. The method of dasm 48. wheron the porous soSd has less than 2% permanent volume reduction during the pore 
f tuid renrxival. 

66. The method of daim 48, whera'n the porous soBd remains substantially uncotlapsed after the pore fluid rerrKjval. 

5 

67. The method of claim 48. wherein the pwous solid has less than 5% volume reduction during the pore fluid rmoval. 

68L The method of daim 48. whaeffi the porous solid has less than 1% volume reduction during the pore fluid removal. 

TO 69l The method of daim 48. wherein the allowing step is perfbmied in a gelation atmosphere, wherein the concentra- 
tion <tf a vapor of the first solvent in the gelation atmosphere is not actively amtroDed. 

70. The method of claim 48, wherein the allowing step is performed in a gelation atmospherei wherein the concentra- 
tion of a vapor of the fktt solvent in the gelation atmosphere is substantally uncontrolled. 

15 

71. The method of daim 48. wherein the reactant is a metal alkoxide selected from the group consisting of tetraethox* 
ysQane. tetramethoxysilane. methyttriethOKysilane. 1 .2-BtsttrimethCKysllyf)ethane and combinations thereof. 

72. The method of daim 48. v^terein the reactant is tetraethoxysitana 

20 

73. The method of daim 48. wherein the dry, porous dielectric has a porosity greater tfianSC^ 

74. The method d daim 48. wherein the dry, porous dielectric has a porosity between 60% and 9C^ 

25 75. The method of daim 48, wherein the dry, porous dielectric has a porosity greater than 80%. 

76. The method of daim 48. further comprising the step of replacing at least part of the pore fluid with a liquid before 
the removing pore fluid stepi 

30 77. The method of daim 76. wherein the liquid conprises hexand. 

78. The method of daim 48, further comprising the step of anneafing the dry. porous dielectria 

79. The method of daim 48. wherein the pressure of the drying atmosphere during the forming step is less than 3 MPa. 

35 
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(54) Low volatility soh^ent-based precursors for nanoporous aerogels 



(57) An aerogel preciFsor sol is disclosed herein. 
Thte aerogel precursc^ sd comprises a metal-based 
aerogel precursor reactant and a first solvent corrpris- 
ing a p(^; wherein, the molar ratio of the first solvent 
molecules to the metal atoms in the reactant is at least 
1 : 16. Preferably, the firstsolvem is gtycero!. Preferably, 
the aerogel precursor reactant may sheeted from the 
groi^ conststtng of metal atkoxides, at least partially 
hydrolyzed metal aDooxkJes, particulate metal oxides, 
and connbinations thereof. Typically, the molar ratio of 
the first solvent molecules to the metal atoms in the 
reactant is no greater than 12:1. and preferat>ly. the 
molar ratio of the Xv^ sdvent molecules to the metal 
atoms in the reactant is between 1 : 2 and 12 : 1. In 
some embodintents, the molar ratio of the first solvent 
molecules to the metal atoms in the reactant is t)etween 
2.5 :1 and 12:1. In some embodiments, the first solvent 
conrprises a glycol. In some embodiments, the reactant 



is te tra e tho xysilane that may be at least partially hydro- 
lyzed. In sonr» embodiments, the fffst polyol is selected 
from the group consisting of 1.2,4-butanetriol: 1.2,3- 
butanetriol: 2 methyt-propanetriol: and 2-(hydroxyme- 
thyI)-1.3-prapan6diol; 1-4, 1-4, butanediol; and 2- 
m^hyl-1,3-propanecfiot, and combinations ther^. This 
invention aDows ccnitrolled porosity thin f flm nanoporous 
aerogels to be deposited, gelled, aged, and dried with- 
out atnx)spheric controts. In another aspect, this inven- 
tion allows controlled porosity thin film nanoporous 
aerogels to be deposited, gelled, rapidly aged at an ele- 
vated temperature, and dried with only passive atmos- 
phen*^c controls, such as limiting the volume of the aging 
chamb^*. 
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